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REACTIONS OF THERMAL-ENERGY ELECTRONS WITH ORGANIC
COMPOUNDS

ANDREE CLARET and ALBERT ZLATKIS*

Department of Chemistry, University of Houston, Houston, TX 77004 (U.S.A.)

and

BRIAN S. MIDDLEDITCH

Department of Biochemical and Biophysical Sciences, University of Houston, Houston, TX 77004 (U.S.4.)
{Received March 30th, 1982)

SUMMARY

The products resulting from the reaction between electrons of thermal energy
and several electron-absorbing organic compounds have been studied. Thermal elec-
trons were generated by maintaining a glow discharge between a stainless-steel elec-
trode and a silver—silver chloride electrode in a nitrogen atmosphere.

The organic compounds investigated fell into two principal classes whose
structures contained either simple or conjugated electrophores. The identification
of the reaction products by gas chromatography-mass spectrometry showed that
simple electrophores, such as nitrobenzene and o-dichlorobenzene, react predomi-
nantly by a dissociative mechanism while conjugated electrophores, such as benzal-
dehyde and trans-cinnamaldehyde, react predominantly by a non-dissociative mecha-
nism. m-Chlorobenzaldehyde, containing both a simple electrophore (chlorine sub-
stituent) and a conjugated electrophore (carboxaldehyde moiety), was found to react
primarily by a non-dissociative mechanism. trans-Cinnamaldehyde, even though
possessing a more extensive system of conjugation than benzaldehyde, was found to
be less reactive than the latter. Reaction mechanisms consistent with possible path-
ways of the major products of representative compounds studied are also presented.

INTRODUCTION

In order to provide an adequate theory for the operation of the electron-
capture detector (ECD) and to predict its sensitivity to different compounds, the
principal problem has always been a lack of knowledge concerning the products
formed in the detector by electron attachment. Such products are expected to include
neutral molecules, radicals and positive and negative ions.

Several methods have been described that attempt to identify these products.
One of them uses a column interposed between two electron-capture detectors for the
separation and detection of these products'?*. However, only limited information is
obtained and failure of the second detector to register products is no proof that they

0021-9673/82/0000-0000/802.75  © 1982 Elsevier Scientific Publishing Company



206 A. CLARET, A. ZLATKIS, B. S. MIDDLEDITCH

do not exist in the first; they may have been totally consumed or they may not have
been able to pass through the interposed column. An alternative possibility is that the
products with weak electron-capturing properties will not be seen by the second
detector.

Another technique for studies of this type is plasma chromatography’. Using
nitrogen as a carrier gas, the plasma chromatograph creates the negative reactant
species of low-energy electrons to react with the gas chromatographic peak compo-
nent and form characteristic product ions.

In 1970, Durbin et al.* developed a procedure first introduced by Lovelock in
1962°. They studied the products formed by exposing certain compounds to electrons
of near-thermal energy generated in a glow discharge. The products formed were

identified by gas chromatography-mass spectrometry.
This study 1s a continuation of these investigations. The 1dentification of the

reaction products could help in the understanding of the response of the ECD to
different classes of compounds and also, in consequence, aid in the selection of elec-
trophores for the development of new derivatizing agents.

EXPERIMENTAL

A schematic diagram of the apparatus used in this work is shown in Fig. 1.

Nitrogen of ultra-high-purity grade (Iweco, Houston, TX, U.S.A.) was used as
the carrier gas and passed through a cartridge packed with molecular sieve, charcoal
and calcium sulfate. All of the tubing in the system was made of PTFE to minimize
chemical contamination. The flow was controlled by a micro-metering valve to de-
liver a total flow of 50-60 m! min~".

The electrical circuit consisted of a high-voltage d.c. voltage supply (Model
230-2P, Sorenson, South Norwalk, CT, U.S.A.) connected in series, first to the dis-
charge cell and then to a microammeter (Model 177 microvolt DMM, Keithly Instru-

ments, Cleveland, OH, U.S.A.) as shown in Fig. 1.

|
T v, :
G '
1
R
1
[}
)
i
|
1
1

—_
Fig. 1. Diagram of experimental apparatus. ——-—, Gas circuit; ---, electrical circuit. R = Thermal-

electron generator and reaction vessel; D = high-voltage d.c. source; G = gas tank; T = drying tube; V,
= micrometering valve; F, = ball-type flow meter; F, = bubble-type flow meter; M = uA meter.
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A diagram of the discharge cell is shown in Fig. 2. The system of the electrodes
designed yields currents up to 250 yA. The flow discharge is maintained by appl-
cation of a negative potential of 5-15 kV to the stainless-steel electrode in the gas
atmosphere; the inner glass tube allows limited diffusion of vapor molecules from the
test substance to the region of ionization around the stainless-steel electrode. It is very
important that the surface of this electrode remains perfectly smooth and does not
present any sharp edges where the electric field is enhanced, or it will induce arcing.
The silver—silver chioride in 1.0 M cesium chioride served as a well defined electrode
which avoided the possibility of anodic reactions.

O-ve
“15-15]kV

vo

14/20 PYREX

A I NS

eeisdIoreREUs s essOuSD RS
\J2IASIEIIARIRLEIIIISIROADS

LTI

Z |

Tt

Fig. 2. Generator of free thermal-energy electrons. A = Stainless-steel rod; B = gas inlet; D = test
material; E = 1.0 M cesium chloride solution containing a silver-silver chloride electrode; F = gas outlet;
G = PTFE jacket; M = 0-300 A meter.

After the reaction had been allowed to proceed for 4 h, the products remaining
in the organic layer were analyzed by gas chromatography-mass spectrometry. A
Finnigan 1020/OWA instrument was equipped with a 30 m x 0.32 mm I.D. DB-5
bonded-phase fused-silica capillary column (J & W Scientific) programmed from 90
to 300°C at 4°C min~ 1. The outlet of this column was connected directly into the ion
source of the mass spectrometer.

RESULTS AND DISCUSSION

Simple electrophores

Nitrobenzene. Although nitrobenzene has a high relative electron-capture coef-
ficient of 390 (ref. 6), only 15.5% of the starting material reacted. The quantitative
distribution of the major products is given in Table I.

The major products formed in this reaction indicate that dissociative capture is
the process taking place. When attachment of an electron occurs, a nitro anion
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TABLE I
MAJOR REACTION PRODUCTS WITH NITROBENZENE

Molecular weight Compound Yield (%)
94 Phenol 2.5

139 2-Nitrophenol 4.2

139 3-Nitrophenol 3.2

139 4-Nitrophenol 1.7

168 Mixture of 1,3-dinitrobenzene and

1,4-dinitrobenzene 1.9

dissociates from the nitrobenzene molecule, leaving a phenyl radical:
CHNO, + e~ - C;HS + NO;

Possible chain-propagating steps include the following:

(i) reaction of the phenyl radical with water:

CcH;" + H,0 - C,H;,OH + H’

(ii) formation of the nitrophenyl radical:

C¢Hs" + CcHNO, —» 'C4qH,NO, + C4Hg

(ifi) reaction of the nitrophenyl radical with water:

"CcH,NO, + H,0 - HOC,H,NO, + H’

(iv) reaction of the nitrophenyl radical with nitrobenzene:

‘CcH NO, + C(H,NO, - O,NC;H,NO, + C4Hy’
The low overall yield of the reaction could be explained by the fact that the initial step
could be reversible.

o-Dichlorobenzene. Fifty-five percent of the starting material reacted. The
quantitative distribution of the major products is given in Table II. It appears that
o-dichlorobenzene reacts via a dissociative mechanism. Possible propagating steps in-
clude the following:

CIC(H,Cl + e7 —» "CcH,Cl + CI™

‘C¢H,Cl + H,0 - HOC4H,Cl + H’

‘C¢H,Cl + HOC;H,Cl - C4H;Cl + "C4H,CIOH

‘C¢H;CIOH + C¢H,Cl, - C4H;ClL,O0H + "CyH,Cl

‘CqH,Cl + C;H,Cl, - CH Cl + "C4H;Cl,

TABLE 11
MAJOR REACTION PRODUCTS WITH o-DICHLOROBENZENE

Molecular weight Compound Yield (%)
112 Chlorobenzene 10.6
180 Trichlorobenzene 21.6
162 2,4-Dichlorophenol 0.9
162 2,6-Dichlorophenol 8.8
162 2,3-Dichlorophenol 0.8
162 3,5-Dichlorophenol 5.0
128 3-Chlorophenol 1.5

Dichloro-1,1"-biphenyl } 21

(two isomers)
Trichloro-1,1 ’-bipheny]}

. 2.6
(two isomers)

N b
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"CgH,Cl, + CeH,Cl, - CgH,Cl, + "C4H,Cl
"C¢H,Cl + C(H,Cl, » C,H,CI-C,H,Cl + C1°
"C¢H,Cl + C,H,Cl;, » C,H,Cl-C,H,Cl, + CI'

Comparing the overall yield for the reaction with o-dichlorobenzene with the one
obtained by Durbin et al.* with chlorobenzene, it appears that the presence of a
second chlorine atom on the benzene ring enhances the reactivity towards eleciron
capture.

Conjugate electrophores

Ben:zaldehyde. Forty percent of the starting material reacted. The quantitative
distribution of the major products is given in Table I11. It shows that non-dissociative
electron capture is the predominant mechanism, as indicated by the following:

C,H,CHO + e~ — [C4H,CHO]"
[C4H,CHO]~ + C¢H,CHO — [C(H,CO]~ + C¢HCO + H,
CeH,CO + [CeH,CO]™ — C6H5—E—%—C6H5 +e”

CcH,CO + C,H,CHO — CoHs-C-CoH + "CHO

o)
HCO + C,H,CHO — (CHO), + CgH,’
C,H;" + CcH,CHO — C,H,C4H, + "CHO
C,H;" + CoH,CHO —:C,H,~C,H,CHO + H’
CeH," + H,0 - C,H,0H + H'
CoH,CO + C,H,0OH — céHS—(”:—CGH@H + H

C¢H,CO + C¢H;CHO — CoHs—C-CoH,CHO + H'

m-Chlorobenzaldehyde. After studying, successively, simple electrophores and
conjugate electrophores, and noticing that they reacted via dissociative and non-
dissociative mechanisms, respectively, it was of interest to study how a compound
containing both would react.

In the reaction with m-chlorobenzaldehyde, 22 % of the starting material re-
acted. The quantitative distribution of the major products is given in Table IV.

The overall reactivity of m-chlorobenzaldehyde towards electron capture is
lower than that of benzaldehyde. From the identified products, it appears that non-

TABLE I1I
MAJOR REACTIONS PRODUCTS WITH BENZALDEHYDE

Molecular weight Compound Yield (%)
154 Biphenyl 4.2

182 Benzophenone 8.0

182 } Biphenyl carboxaldehyde } 4%

182 (two isomers) :

198 Hydroxybenzophenone 3.4

210 Benzil 9.0

210 Benzophenone carboxaldehyde 5.1
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TABLE 1V
MAIJOR REACTION PRODUCTS WITH m-CHLOROBENZALDEHYDE

Molecular weight Compound Yield (%)

128 Chiorophenol 5.1

250 4,4’-Dichlorobenzophenone 1.5

278 Dichlorobenzil 1.3
Chlorodeoxybenzoin 1.8

264

dissociative electron capture is the predominant mechanism (formation of dichloro-
benzophenone and dichlorobenzil).

trans-Cinnamaldehyde. The overall yield of the reaction with trans-cinnamal-
dehyde was 23 9, and the quantitative distribution of the major products is given in
Table V.

TABLE V
MAJOR REACTION PRODUCTS WITH 1rans-CINNAMALDEHYDE

Molecular weight Compound Yield (%)

134 Phenylpropanal 2.9

162 Phenylpropanoic acid 2.3

248 4-Benzyl-2-carboxy-1- 6.8
hydronaphthalene

266 1,6-Diphenyl-3,4-hexanedione 1.9

and another isomer

As the major product formed is a hydrogenated dimer of cinnamaldehyde, the
predominate mechanism is non-dissociative. Two hydrogenation reactions occur:
formation of phenylpropanal by hydrogenation of cinnamaldehyde and formation of
phenylpropanoic acid by hydrogenation of phenylpropenoic acid (impurity in the
starting material).

The overall yield of the reaction is lower than that of benzaldehyde. This
indicates that, even though there is a more extensive conjugated system in the reaction
with zrans-cinnamaldehyde, more conjugation does not imply higher reactivity to-
wards electron capture.

CONCLUSION

The glow discharge is a simple, straightforward method of studying the reac-
tions of thermal-energy electrons with organic compounds. The main advantage over
methods previously described? is that the products of the reaction are produced in
sufficient yield to be recovered and characterized. Thus, the different mechanisms
involved were determined.
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SUMMARY

Two-stage gas chromatography has proved to be a powerful means for the
isolation of trace components from complex mixtures. The application of this tech-
nique in quantitative analysis has not yet been evaluated and is considered in this
paper. The influence of the size and position of the transferred fraction on the quality
of the analytical data was investigated. A compromise between low peak interference
and high transfer efficiency has to be found. It is shown that the same ultimate
precision and accuracy can be obtained with column switching as in single-column
operation provided that a high-performance switching device and appropriate frac-
tionation are used.

INTRODUCTION

In order to separate a complex mixture by chromatography, the first require-
ment is to achieve a separation performance that is at least as large as the number of
components to be separated by a given minimum resolution. In practice, the separa-
tion performance should be significantly larger than the number of components of the
sample. The separation performance, ng,, is defined as the maximum number of
components, », that can be separated with a given resolution, R, in a given time, ¢.
The separation performance depends on the average theoretical plate number, N, of
the column and is given by the following equation'-?:

_ ]Og (tRn/zRO) _ lOg (l + Kn) (1)
Rt — = =
log (1 + R//N) log(l + R//N)
where 5, = retention time of component, i; i = 0,1,..., n.
The subscript zero indicates a non-retarded component with capacity factor «;

= 0; the subscript », indicates the last eluting component with the highest capacity
factor, x, = maximum. From eqn. 1, it can be seen that the separation performance

0021-9673/82/0000-0000/802.75  © 1982 Elsevier Scientific Publishing Company
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(IS}
(3]

depends on the retention range, 1p,/tzo = | + k,, as well as on the average theoretical
plate number of the column, N. The individual theoretical plate number, N,, of the
components, /, depends not only on the chromatographic column but also on the
sample component, as the capacity factor, x;, and the diffusion coefficients. D, and
Dg;, in the mobile phase and in the stationary phase, respectively, occur in the equa-
tion of the theoretical plate number3*.

In order to obtain a value for the dispersion characteristic of the column that is
dependent only on the system and independent of the sample, it is necessary to
estimate the average of the theoretical plate number, N, from the measured individual
values, N,, of a number of components. The best average value, N, is obtained by
linear regression of the peak variances and the squares of the retention times accord-

ing to

Grzi = N’f{i (2)

where o, is the variance of the elution peak of component i. The slope, N, of the linear
regression line of o2 versus t%; depends only slightly on the choice of the test com-
pounds if the diffusion coefficients and therefore the individual values, N,, of these
compounds do not vary too much.

If the first requirement to make the separation performance for a given time
interval sufficiently large compared with the number of components to be separated,
ng, = ng, is fulfilled, then the second requirement is to utilize fully this separation
performance. For this purpose the elution sequence of the components has to be
adjusted within the given time interval via the selectivity of the chromatographic
phase system. The aim is to arrange the components in such an order that all of them
are separated at least according to the required resolution. It is obvious that this
target can be reached more easily the larger the separation performance is, compared
with the number of components to be separated, ng, > ns.

Often it 1s not possible, however, to find a phase system that is sufficiently
selective for all components of the mixture and the required minimum resolution
cannot be obtained for all components. In such instances the required degree of
separation can be achieved by gradual adjustment of the column selectivity. The
separation is carried out in several stages on different columns. This multi-stage
chromatography can be executed on-line by column switching where the effluent of a
column of a given stage is divided into fractions which are transferred to the detector
or to the columns of the next stage by means of a switching device. If columns with
different retention characteristics are used in the individual stages of a separation
path the multi-stage technique is called multi-dimensional chromatography.

Multi-stage chromatography can also be used with advantage if columns with
the same retention characteristics are used in each stage. In this technique, a given
component is enriched relative to interfering constituents of the sample by fractio-
nation. An effluent fraction containing the analyte component and as little as possible
interfering components is transferred from the first to the second column on which
the separation of the fraction can be completed owing to the more favourable peak
size ratio. This relative enrichment has the result that the analytical information
parameters (retention time, peak area) can be determined with a higher accuracy than
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in a single-stage separation giving the same resolution. Correspondingly, a lower
resolution is required to obtain a given accuracy.

Multi-stage gas chromatography was applied first as a relative enrichment
technigue (heart cutting)® and later as a multi-dimensional method®*°. The perform-
ance of multi-stage gas chromatography in quantitative analysis has never been
evaluated. It was our intention to investigate the quality of the analytical data in
multi-stage gas chromatography compared with single-column operation using ad-
vanced instrumentation.

EXPERIMENTAL

Chemicals

All chemicals used were of analytical-reagent grade from E." Merck
(Darmstadt, G.F.R.), except decahydronaphthalenes, which were obtained from
EGA-Chemie (Steinheim, G.F.R.). Cis- and trans-decahydronaphthalene diluted
with toluene to a content of 109, (v/v) with addition of n-tridecane as internal stan-
dard and a commercially available lavender oil diluted to 109 (v/v) with 2,2,4-
trimethylpentane were used as test samples. The carrier gas used in gas chromatogra-
phy was nitrogen of 99.995% (v/v) purity (Messer-Griesheim, Diisseldorf, G.F.R.).

The polydimethyisiloxane OV-101 (E. Merck) and the aromatic polyether
Marlophen (Hiils, Marl, G.F.R.) were used as stationary phases.

Apparatus

A gas chromatograph equipped with two flame-ionization detectors and a
switching device was used (Model 1402, Siemens, Karlsruhe, G.F.R.). The switching
device is described later. Two capillary columns were used in the switching operation.
The chromatograms were recorded by means of a two-channel potentiometric line
recorder (Siemens, Kompensograph X-T). Retention-times, peak-areas and switching
intervals were measured with the aid of a computing integrator (Model Autolab,
System I, Spectra Physics, Santa Clara, CA, U.S.A.).

The following chromatographic conditions were used for the determination of
the precision and accuracy of the two-stage switching procedure depending on the
size and position of the fraction: two open-tubular columns, coated with OV-101,
lengths 18 and 23 m, I.D. 0.3 mm; column temperature, 95 and 130°C, respectively;
temperature of injector and detector, 200°C; splitting ratio, 1:100.

The average efficiencies of the columns were measured as discussed in the
Introduction and gave values of ¥ = 55,000 for the 18-m column and N = 125,000
for the two columns (18 + 23 m) in series.

In the application of the relative enrichment procedure to the analysis of trace
components in lavender oil, the gas chromatographic conditions were as follows: two
open-tubular columns, both coated with Marlophen, lengths 18 and 23 m, I.D. 0.3
mm; N = 57,000 for the 18-m column, N = 98,000 for the two columns (18 + 23 m)
in series; splitting ratio, 1:100; temperature programme, linear gradient from 60 to
160°C at the rate of 5°C min~*; injector and detector temperature, 220°C.

The carrier gas flow-rate, measured at the outlet of the second column at
ambient temperature and pressure, was 2 ml min~! in both instances, with p, = 1.8
bar and py = 1.6 bar.
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The switching device was an improved and optimized version of the valveless
design as proposed by Deans®, and is shown schematically in Fig. 1. The interface is
described in detail elsewhere'!. It consists of a double T-piece with tube connections
for the adjustment of variable pressures and a platinum capillary (2.4 cm x 0.1 mm
[.D.) for the connection of the two capillary columns.

AUXILIARY GAS
SUPPLY AND
CONTROL UNIT

CARRIER|
GAS
SUPP
pL
FLOW DETECH
CONT! ——{LN_ECTCP TOR
l Z
DETEC :
TOR [——— AAMN——-
1
'l
R
pAz.
A
R
0 A B L —z
Fig. 1. Schematic diagram of a gas chromatograph for column switching. p = pressure; - = length; p, =

pressure at the inlet of the first column (z = 0); p,, py = pressures at points A and B, respectively, of the
switching device; p; = pressure at the outlet of the second column (z = L). The pressure difference, 4p, is
adjusted with the aid of the auxiliary gas supply unit and equals p,, —~ py for single-stage operation and
Pa2 — py for two-stage operation. For details, see Experimental.

The direction of flow in the connecting tube between the two columns is con-
trolled by variable pressure levels. The pressure, p, at the inlet of the first column 1s
kept constant and adjusted by a pressure controller. The pressure, p,, at the outlet of
the interface is identical with the inlet pressure of the second column. It is kept con-
stant and is also adjusted with the aid of a pressure controller. In order to direct
the flow from the first column either to the first detector or to the second column and
the second detector the pressure, p,, at the inlet of the interface is varied between two
levels, p,; and p,,, by means of a pressure controller.

In the single column mode, where the effluent from the first column is directed
to the first detector, a pressure drop, 4p, is adjusted with the aid of the pressure con-
troller unit, which sets point A of the interface to a pressure, p,,, a4 few millibars
lower than the pressure at point B. The pressure drop 4p is measured by means of a
digital pressure meter. Owing to the pressure difference, the efftuent from column 1 is
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hindered from entering column 2 and is forced to flow to the monitoring detector,
over a constriction capillary.

In order to cut out a fraction of the effluent from column 1, which is recorded
on detector 1, the pressure at point A is rapidly increased to a value, p,,, allowing
flow to the second column. After transferring the fraction of interest into the second
column, the pressure at point A is set back to the lower value, interrupting the flow of
the effluent to the second column. As the flow of carrier gas in none of the columns is
interrupted, the elution proceeds continuously.

The great advantage of the switching device is the negligible dead volume, the
very high speed of switching and the absence of mechanical valves in the flow path of
the sample.

RESULTS AND DISCUSSION

The information parameters in quantitative chemical analysis by means of
chromatography are peak area or peak height. The quality of these data in two-
stage gas chromatography applying relative analyte enrichment by column switching
was investigated. This technique was applied to the determination of minor com-
ponents in a matrix of interfering major components. A system of two columns of the
same type connected by a switching valve was used, the effluent from each column
being led to a separate detector. The sample was injected into the first column where
the analytes were partially separated from interfering matrix components. The frac-
tion containing the analytes was transferred to the second column, where the separa-
tion was completed. A complete separation can only be achieved by this two-stage
operation and not by a single column with the total length of the two columns. The
superior separation effect by the two-stage operation is caused by the fact that in the
second stage the separation is continued with a significantly improved ratio of the
peak height of the analyte to those of the overlapping matrix components. The
resolution in both modes of operation remains the same but the peak-height ratio is
significantly improved in two-stage operation, leading to a better degree of separation
of the analytes. In general, several analytes can be isolated in a single run. For the
determination of many components several runs are required.

It can be expected that both the accuracy and the precision of the analytical
data in column switching will depend on three factors: the technical characteristics of
the switching device, the size of the fraction and the position of the fraction. The
effects of these three factors on the precision and accuracy of peak area and peak
height are discussed below for both isolated peaks and interfering peaks.

Fractionation of isolated peaks

The influence of the fraction size on the analytical results in two-stage gas
chromatography was first investigated for the transfer of a single, isolated peak in
order to define the optimum switching conditions and to test the performance of the
swilching device. The peak maximum of component 1, eluting first from the first
column, was used as a marker for the measurement of the switching time. The second
eluting component 2 was fractionated by means of a switching valve. The fraction
was transferred from the first to the second column and measured in its effluent by the
second detector. Quantitation of this compound was carried out based on the peak-
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Fig. 2. Chromatogram from a two-stage gas chromatograph with two-channel detection. Compound 1
(trans-decahydronaphthalene) was used as a marker substance for the measurement of the switching time,
24¢, for the transfer of fractions of compound 2 (cis-decahydronaphthalene) from column 1 to column 2.
Compound 3 (tridecane), used as reference substance in the quantitation of compound 2, was totally
transferred to column 2. 1 = time.

area measurement obtained from the second detector. The third eluting component 3
was transferred to the second column without fractionation and was used as a refer-
ence in the quantitation of the second component. The precision and accuracy of the
area of the peaks occurring in the chromatogram from the second detector were
determined relative to the area of the totally transferred third peak. An example of
such a two-channel chromatogram is shown in Fig. 2, and the results for precision
and accuracy are given in Table I and are shown graphically in Fig. 3.

TABLE 1

DATA ON THE PRECISION AND ACCURACY OF COLUMN SWITCHING IN GAS CHROMA-
TOGRAPHY FOR ISOLATED PEAKS

Switching was carried out for half-intervals of 4t = no, symmetrical to the expected position of the peak
maximum. o, = peak standard deviation in time units; n = 1,2,3...

Peak Total Relative switching No. of Relative statistical Yield
standard switching half-interval measurements error, s (%) (%, of toral
deviation interval n = Atje, peak area)
a, (sec) 241 (sec)
1.1 2.2 1 9 2.50 48.7
4.4 2 8 1.78 77.7
6.6 3 6 0.94 93.6
8.8 4 S 0.63 98.6
11.0 5 6 0.42 100.2
13.2 6 8 0.33 100.1
2.0 4.0 1 6 1.10 59.5
8.0 2 5 0.75 924
12.0 3 6 0.42 99.6
16.0 4 5 0.28 99.8
20.0 5 4 0.21 99.8
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Fig. 3. Precision and accuracy of column switching in gas chromatography for an isolated peak. Measure-
ments were carried out for peaks with standard deviations of 1.1 sec (®, O) and 2.0 sec (W, V). 24t = total
switching time, with half-intervals of 4¢ sec symmetrical to peak maximum. Dotted line: limiting value of
the relative error measured in single-stage operation. Closed symbols, relative error; open symbols, yield.

1t can be seen that for a peak standard deviation of 2 sec the systematic error
due to the switching operation reduces to below —0.59%; if the switched fraction
exceeds six times the peak standard deviation and has a symmetrical position to the
centre of the peak. With a fraction size of ten times the peak standard deviation the
transfer yield is 99.8 9. For a peak standard deviation of 1.1 sec the systematic error is
—1.4% for a fraction size corresponding to eight times the peak standard deviation.

It can also be seen in Fig. 3 that the statistical error decreases together with the
systematic error and approaches a limiting value of 0.24 %, for a sufficiently large
fraction size. The same precision was also found for single stage operation without
switching.

The results indicate that the switching device has no effect on the precision and
accuracy of the data in quantitative analyses, assuming that the fraction size is large
enough. We recognize, however, that the precision depends primarily on the absolute
fraction size in seconds. It seems that the minimum time interval for column switching
without loss in precision is about 1 sec.

Fractionation of overlapped peaks

The choice of the size and position of a fraction becomes extremely important
if an analyte is overlapped by matrix components. In such a case a compromise has to
be found for the fractionation step after the first column. On the one hand, the
analyte should be transferred to the second column by means of the switching device
as completely as possible in order to achieve a high precision; on the other hand, the
amount of overlapping matrix components should be reduced as much as possible in
order to achieve a high accuracy. The first aim requires a large and the second a small
fraction size. This situation requires the optimization of the fraction size depending
on the sample.

Such an optimization will be demonstrated in the determination of a minor
constituent in lavender oil. Even with high-efficiency open-tubular column gas chro-
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matography this component appears in the chromatogram as a shoulder on a large
peak. It can be assumed that the minor component can be isolated from the inter-
fering large component by a lwo-stage operation applying relative enrichment. In
order to combine high accuracy and high precision in the determination of this
component, the optimum fraction size has to be used in the transfer from the first to
the second separation stage.

In Fig. 4 the chromatograms obtained with different fraction sizes are shown,
assuming a constant end-point of the fraction. It can be seen that the overlapping by
the large peak can be reduced to an insignificant effect and practically complete
isolation of the analyte peak can be achieved. It can also be seen that, as expected, the
peak height of the analyte peak increases with decreasing fraction size, approaching a
maximum value. Below the fraction size corresponding to the total amount of analyte
the peak height starts to decrease, as only part of the analyte is transferred and
detected. The effect of the overlapping is already neglegible for the fraction size
corresponding to Fig. 4C, as can be concluded from the comparison of the peak
heights in Fig. 4C and D.

The precision of the system and the relative independence of the results of
slight variations in the position and size of fraction are shown in Fig. 5. We recognize
the very good reproducibility of the peak height for the analyte although the patterns

——— tmin}
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A B c D
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10); E1L _Ll_min]

Fig. 4. Influence of the fraction size in column switching on the peak interference in the second stage. A
minor component in lavender oil, indicated by arrows; appears as a shoulder in the chromatogram of
column 1. The time, E, of the end of the switching interval was held constant at 97.1 sec, measured from the
maximum of the marker peak, M. The start, A, B, C and D, of the switching interval was varied: A = 62.1
sec; B = 72.1 sec; C = 73.1 sec; D = 75.1 sec; measured from the peak maximum of M. |, Part of the
chromatogram from column 1, recorded on detector 1; 2, chromatograms of the different fractions, A-E,
B-E, C-E and D-E, switched from column | to column 2 and recorded on detector 2. 1 = time.
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Fig. 5. Reproducibility of column switching in gas chromatography with open-tubular columns.
The minor component, as shown in Fig. 4, was switched to column 2 with an average switching time
interval of 23 sec. The position and size, respectively, of the switching interval were varied in the range of 2
sec. 1 = time.
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of the chromatograms vary significantly owing to variations in the position of the
fractions.

The evaluation of a large number of data leads to the conclusion that high
precision and high accuracy can be obtained by choosing the optimum fraction size
and position. An example of the choice of the optimum fraction is shown in Fig. 4,
where it can be seen that in this instance the optimum switching interval is 23 sec,
giving a precision of 1.2 % and an accuracy of 99.8 % for the relative peak height. The
absolute values of precision and accuracy are less favourable owing to the sampling
error.
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SUMMARY

A method is described which allows a chromatographic assay to be optimized
with respect to the time needed to complete an analysis, while maintaining good
resolution. The method introduces an operational research technique called non-
linear programming. It was used to optimize the eluent composition for the assay of
saccharin, caffeine and benzoic acid and resulted in a significant reduction in the
analysis time.

INTRODUCTION

In routine chromatography, analysis time is an important optimization crite-
rion, especially for automated equipment, requiring little or no operator action, as
any savings in time will lower the cost per analysis by an equivalent amount. As most
published high-performance liquid chromatographic (HPLC) determinations are
probably not optimized with respect to either separation quality or time, it may be
expected that many of these methods can be improved considerably. This study
demonstrates this, using a non-linear programming technique to optimize the time
needed to complete the separation of saccharin, caffeine and benzoic acid.

THEORETICAL

Once the column (with a particular stationary phase) has been chosen, the
main variable influencing separation is the composition of the mobile phase. This
variable also influences the time needed for an analysis, indicating an interaction
between the quality of the separation and the analysis time. Retention of a solute
depends on its capacity factor, which in turn depends on the “polarity” of the mobile
phase.

Polarity has been defined in various ways'!, but can be understood as sum-
marizing the ability of the solvent to interact with the solute. To quantify “polarity”
several scales have been proposed, e.g., Snyder’s polarity parameter P’ (ref. 2), based

0021-9673/82/0000-0000/$02.75  © 1982 Elsevier Scientific Publishing Company
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on the Rohrschneider data set, and the Hildebrand solubility parameter'-**, Both
scales hide as much as they reveal, as interactions between solute and solvent are
combinations of several different types of interactions: dispersion, orientation, induc-
tion and acid-base. In solubility theory, the resultant of these interactions is called the
solubility parameter, § (Snyder? described a slightly different scheme, subdividing P’
into different intramolecular contributions, x,).

Schoenmakers*® developed the solubility parameter model to account for the
different types of interactions. In their model, each type of interaction is assigned its
own solubility parameter. They derived the following equation for the separation
factor of two solutes, j and i:

?\T'ln a; = (5 — 5)F

where R is the gas constant, T is temperature, v is the molar volume of solutes (v, = v;
assumed) and xand yare vectors representing the partial solubility parameters for the
solutes and a given mobile-stationary phase system:

" X, = &g, solubility parameter for dispersion Vi = (Bgm — Oinam) — (Bas — Sinas)
X, = &, solubility parameter for orientation Y2 = Og.m — 0o
X3 = O;nq, SOlubility parameter for induction Y3 = Ogm — 04y
x4 = 8, solubility parameter for acid-base interaction Ya = Opm — Ops
x5 = Oy, solubility parameter for base—acid interaction Vs = O0pm — O

where m = mobile phase and s = stationary phase.
Partial differentiation with respect to the different types of interactions yields

where » indicates the type of interaction®. This equation shows that the relative change
in o, resulting from a change in the nth type of interaction is directly proportional to
the difference in the nth parameter of the two solutes. This offers the key to exploiting
the differences between the solutes: find a mobile phase that maximizes «. In real
chromatograms, where there are more peaks to separate, find a mobile phase in which
the y-vector is such that it gives an optimum separation for all the peaks. This can be
attained more or less by mixing solvents that differ in their “interaction patterns”, or
stated differently, that lie apart as much as possible in the five-dimensional vector
space of the interactions.

Practically stable mixtures in reversed-phase (RP) HPLC can only be made of
water, methanol, acetonitrile and tetrahydrofuran. In this study, a mixture of water,
methanol and acetonitrile was chosen, largely from cost considerations. It proved
adequate, however, for the purpose intended.
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EXPERIMENTAL

As the purpose of this study was to optimize analysis time, while maintaining
the overall quality of separation, i.e., baseline resolution for all peaks or 99.8%
resolution for all peaks, it is natural to constrain the variables to an area in which the
desired separation is met, the feasible region, and then find within this area the
minimum analysis time.

This indicates the use of an experimental design that allows the mapping of
both the optimizing criterion and the resolutions between peaks at the same time,
with only one set of experiments. For ternary mixtures a suitable design is the simplex
lattice design, as described by Gorman and Hinman® or Snee’. In chromatography,
this experimental design was used by Belinky® and Glajch et al.°. Belinky improved
the resolutions between pairs of polynuclear aromatic hydrocarbons at near constant
capacity factor, while Glajch ez a/. mapped the resolutions between all pairs of peaks
in order to locate a region in the factor space comprised by a (pseudo-)quaternary
mobile phase where every resolution meets a predetermined value. Glajch et al. did
not try to minimize analysis time. Moreover, in their approach this would not be
possible, as the water content of the mobile phase (the variable that influences the
clution time the most) is not a free variable in their (pseudo-)quaternary system.

A simplex lattice design generally consists of a uniform distribution of points
over all possible mixtures. At these points the responses are measured (Fig. 1). Re-
sponse is then represented by polynomials fitted by least squares to the responses,
which serve to map the response surfaces.

Because in mixtures the sum of fractions must add up to unity, it is possible to
simplify the polynomials compared with those normally used. A full quadratic can be
reduced using the constraint x; + x, + x5 = 1 to the following relationship:

n = Bixy + Boxy + Bixs + Biaxixy + Braxixs + Brzxyxs

The minimum number of experiments necessary to obtain estimates of the regression
parameters is seen to be six, as opposed to nine for a full quadratic polynomial. For
higher order equations a similar reduction in the number of experiments is possible.
Of course, this reduction is possible because the actual factor space is two-dimen-
sional; the variables are interdependent.

As indicated before, a quadratic simplex lattice design consists of a minimum
of six experimental points (Fig. 1). A few extra points should be measured in order to
evaluate the goodness of fit of the model.

It is impossible to explore all the accessible factor space in the ternary mixtures
used in RP-HPLC (mixtures of water, methanol, tetrahydrofuran and acetonitrile).
Experiments with pure water exhibit extremely long elution times, while pure organic
solvents will elute most peaks together with the solvent front. The region of interest is
thus restricted to a small region of the available factor space.

Depending on the quality and analysis time of the initial chromatogram, a
simplex lattice design is located around the original factor point, or a suitable region
is located, whereafter the simplex lattice design is set up in this region.
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Y]

Fig. 1. Quadratic simplex lattice design, central point added.

Separation of sacharine, caffeine and benzoic acid in beverages

For every measured solvent composition the analysis time and the resolutions
between all pairs of adjacent peaks were calculated. Analysis time was defined for the
purpose of this study as the time it took to elute 99.8 9 of the last peak, i.e., time was
measured at three times the width at 0.6 height after the top of the last peak. Reso-
lutions were calculated from

2(t, — t
g, = 22— 1)
(w, + wy)

where w = peak width at the base.

Chemicals

For the mobile phase mixtures of deionized water and analytical-reagent grade
methanol and acetonitrile (Merck, Darmstadt, G.F.R.) (degassed under vacuum,
using an ultrasonic bath) were used, with 1 % of analytical-reagent grade acetic acid
(Merck) added in order to convert the acids to their non-ionized forms. Standard
solutions of saccharin (1.0 mg/ml), caffeine (1.0 mg/ml) and sodium benzoate (1.0
mg/ml) and a mixture containing 100 mg of these compounds in 100 ml were prepared
using methanol as solvent. Standards were of European Pharmacopoeia quality and
were used as received.

Instrumentation

The HPLC apparatus was constructed from a Milton-Roy pump and a
Chromatronics 220 dual-channel UV absorbance detector (fixed wavelength, 254
nm). The column used was 25 cm x 4.6 mm [.D. stainless steel, packed with Li-
Chrosorb RP-§, mean particle diameter 10 um. Injections were made using a Valco
7000 p.s.i. injection valve, fitted with a 10-ul sample loop.
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RESULTS AND DISCUSSION

The method for the determination of saccharin, caffeine and benzoic acid as
described by Smiley et al.'® gives impractically long retention times. The method uses
a 6 % acetic acid solution in water as the mobile phase. It was decided to use a simple
simplex method!!, with analysis time as optimizing criterion, to locate a suitable
region in which to situate the lattice design. Obviously the simplex tended to climb to
higher organic solvent concentrations (Fig. 2), but the experiments involved at this
stage gave valuable information over an extended region of the factor space. From
these experiments it could be concluded that the resolution between both pairs of
adjacent peaks approached 1.00 at approximately 60 %, of organic solvent. As the
simplex favoured acetonitrile for shorter analysis times, a lattice design was located as
indicated in Fig. 2. The results are given in Table I, and were used to calculate via
polynomial regression the following polynomial equations:

T = —5.0013x, + 16.152x, + 8.802x; + 4.7564x,x, — 2.7436x,x5 — 37.9756x,x,
(1)

Ry, = —11.1545x; + 2.7164x, + 0.9755x; + 18.5754x,x, — 11.1676x,x5 —
2.5528x,x5(2)

R,; = —0.3792x, + 8.808x, + 2.4705x, — 2.9774x,x, — 2.5573x,x5 —
17.1378x,x5 (3)

where x; = volume fraction of methanol, x, = volume fraction of water, x; =
volume fraction of acetonitrile and T = analysis time; for R,, and R,;, see Table 1.

These expressions were used to calculate and plot the response surfaces in Fig.
3, where the constraint boundaries are also drawn in. It is possible to determine the

water

— ¥
acetonitrife methano!

Fig. 2. Progress of simplex algorithms during optimization. Shaded area is the region where the simplex
lattice design was located (points 5-11 from Table I).
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TABLE |

ANALYSIS TIME AND RESOLUTIONS MEASURED BETWEEN SACCHARIN AND CAFFEINE
(R,») AND CAFFEINE AND BENZOIC ACID (R,;) (SEE ALSO FIG. 2)

Experiment  Volume fraction R, R,; T (min)
No. o
Water Methanol Acetonitrile
1 1.00 0.00 0.00 >2 >2 > 30
2 0.80 0.20 0.00 >2 >2 >20
3 0.80 0.00 0.20 1.96 4.80 10.13
4 0.60 0.20 0.20 2.00 3.19 6.50
3 0.60 0.00 0.40 1.36 1.82 4.07
6 0.40 0.20 0.40 1.19 1.24 3.06
7 0.40 0.00 0.60 0.94 0.88 2.63
8 0.466 0.066 0.466 1.47 1.27 3.08
9 0.50 0.00 0.50 1.33 1.40 3.00
10 0.50 0.10 0.40 1.29 1.70 3.66
11

0.40 0.10 0.50 1.23 1.02 2.85

optimum analysis time graphically from Fig. 3. Suppose one requires a minimum
resolution of 1.25, corresponding to 99.§ % resolution of the peaks in the chromato-
gram. From the countour lines of the analysis time, one sees that increasing the
amount of organic solvent in the mobile phase decreases the analysis time. However,
compositions beneath the isocontour lines that indicate resolutions of 1.25 are not
allowed (shaded area). It can easily be seen that the minimum analysis time, while
maintaining a resolution of 1.25, is the intersection of the two constraints. From this
the optimum composition is seen to be water—methanol-acetonitrile =
0.47:0.03:0.50, where the analysis time can be calculated from eqn. 1, its value being
2.94 min.

If a minimum resolution of 1.5 is required, the graphical approach is less
suitable. The constraint will be met by the resolution between saccharin and caffeine
becoming 1.5, the resolution between caffeine and benzoic acid still being far better
than 1.5, and of no concern. The optimum can be located by finding the smallest
distance between the constraint line and the next lower contour line of the analysis
time. This is a tedious procedure, however, and it is possible to calculate the optimum
from eqgns. 1, 2 and 3 mathematically. Calculation of the optimum is also recom-
mended when the number of peaks is so great that the contour plots become difficult
to read. Once the models 1, 2 and 3 have been calculated, the problem of finding the
minimum analysis time while maintaining a resolution of at least 1.5 can be stated as
follows: Minimize

T = Bixy + Baxy + Baxy + Br12X Xy + Bi3Xi X3 + BazXax;

subject to the following constraints:

Xy 4 x4+ x; =1

X320

x, 20

X320

Ry 2 oy Xy + 05Xy + o3 jiX3 + Qpp Xy Xy + 035505 + o3 500X,
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Fig. 3. (a) Accessible part of the factor space (shaded region) and part of the factor space shown in (b)
(black region). (b) Contour plots over the region of the factor space indicated in (a): ( ) analysis time;
(memememrmrm ) resolution between saccharin and caffeine; (-------- ) resolution between caffeine and benzoic
acid). The shaded areas are outside the constraints for resolution 1.25. Optimum compositions for min-
imum resolution [.25 denoted by ¥, and for 1.5 by W.

fori =1, nandj =i+ 1, n(R; = resolutions between each pair of peaks).

In our specific case there are only two resolutions to be considered, because in
the region in which we are interested the elution sequence does not change. It is
necessary to take into account only the separation between adjacent peaks, and not
between peaks that have no overlap in the factor region.

The solution of this problem, minimize a non-linear objective function, subject
to non-linear inequality constraints, is possible by an operations research technique
called non-linear programming. An explanation of this technique is beyond the scope
of this paper, but any good operational research textbook will provide a thorough
discussion of the method!2. The calculated solution to the stated non-linear program-
ming problem is given in Table II for constraints of 1.25 and 1.5 on the resolution (R).
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TABLE 11

COMPARISON OF EXPERIMENTAL RESULTS WITH PREDICTIONS FROM THE MODEL AT CALCU-
LATED OPTIMUM ELUENT COMPOSITIONS FOR R, > 1.25 AND R, > 1.5

Calculated optimum composition Calculated Measured Ry, R, Rys R,

time (min) time (min) constraint measured constraint measured
Water Methanol Acetonitrile
0.470 0.027 0.503 2.93 2.94 1.25 1.18 1.25 1.29
0.496 0.108 0.396 3.63 3.23 1.50 1.42 1.50 1

The calculated optimum is found to be in good agreement with the optimum obtained
graphically. Also summarized in Table IT are the results of experiments carried out at
the optimum composition. These results confirm the calculated predictions from the
model with regard to analysis time and resolution well within experimental error; Fig.
4 shows chromatograms recorded during the progress of the simplex and at optimum
composition. It appears that the method described is suitable for practical optimiza-
tions in chromatography. A final remark should be made. It is possible to substitute

inj in| L] inj

L il | ]

I
a b c d
T T T T T T T T T T T T 1 F T T -1 | G ¢ T T g 8 T T —
0 5 10 min [1} min 4 i} min 4 0 min 3

Fig. 4. Chromatograms of the standard mixture recorded during the optimization (a,b) and at optimum
composition for R = 1.25 (c). Elution sequence: saccharin, caffeine, benzoic acid. (d) Chromatogram of

dietary Cola at optimum composition. Eluent composition: water-methanol-acetonitrile = (a)
0.50:0.00:0.20, (b) 0.466:0.066:0.466, (c) and (d) 0.47:0.03:0.50 (optimum for R = 1.25).
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cost per analysis for analysis time as the optimizing criterion, in which case probably
a different optimum would have been found, trading off time against eluent cost.
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SUMMARY

A new interface for capillary column supercritical fluid chromatography-mass
spectrometry (SFC-MS) is described and initial results are presented. The advantages
of SFC include the ability to separate high-molecular-weight, non-volatile and ther-
mally unstable compounds not amenable to gas chromatography. Capillary column
SFC-MS has potential advantages over high-performance liquid chromatography—
MS owing to the higher possible chromatographic efficiency, mobile phase volatility
and the simplicity of the interface design. The direct fluid injection interface provides
for transfer of the total capillary SFC effluent into a chemical ionization source.
Initial results are presented to illustrate the separation and analysis of simple mixtures
of aromatic hydrocarbons and styrene oligomers using n-pentane as the mobile phase.

INTRODUCTION

A mass spectrometer constitutes a nearly ideal detector for chromatography,
as evidenced by the explosive growth in the application of gas chromatography-mass
spectrometry (GC-MS) in the last decade. The success of this approach and the range
of samples not amenable to GC-MS spurred the development of high-performance
liquid chromatography (HPLC)-MS. However, interfacing conventional packed
column HPLC to mass spectrometry has been a difficult task because of the incom-
patibilities in required liquid flow-rates and solvent evaporation or removal' 3. While
significant progress has been made in the development of various LC-MS interfaces,
these methods have not approached the routine application*> of GC-MS instrumen-
tation. Hence, there is a clear need for an alternative approach to HPLC for the
analysgs of complex mixtures of non-volatile compounds providing increased chro-
matographic efficiency as well as greater compatibility with mass spectrometry.

* Prepared for the U.S. Department of Energy under Contract DE-ACO6-76RLO 1830.
** Operated by Battelle Memorial Institute.

0021-9673/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company
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Supercritical fluid chromatography (SFC) has developed over the past two
decades as an alternative to HPLC with specific advantages in some applications®°.
The combination of SFC with mass spectrometry may also provide advantages over
HPLC-MS. The range of compounds which may be separated with SFC is similar to
that with HPLC, although the state-of-the-art in HPLC is considerably more ad-
vanced than in SFC. Both techniques allow the separation of materials which are
thermally labile and of much higher molecular weight than is possible using GC!°.
SFC has the added capability of pressure programming, providing precise control of
the solvating power of the mobile phase and an alternative to gradient elution in
HPLC. Additionally, the much higher volatility of most SFC mobile phases provides
a significant advantage in the design of the SFC-MS interface. These advantages were
recognized by Randall and Wahrhaftig!!™'3, who have previously reported on the
construction of a supercritical fluid (dense gas) chromatograph-mass spectrometer
interface using conventional packed columns and supersonic molecular beam tech-
niques. This approach, however, suffered from low sensitivity, the complexity of four
stages of differential pumping required by the large mobile phase flow-rates and mass
spectra that were complicated by cluster formation in the beam expansion®3.

This paper describes the development of an interface for capillary column
SFC-MS. The development of capillary column SFC has recently been reported!* 6.
The use of wall-coated open-tubular capillary columns provides mobile phase flow-
rates compatible with chemical ionization mass spectrometry and removes the need
for a liquid-gas phase transition as in HPLC-MS. Other advantages accrue from the
high chromatographic efficiency projected for capillary columns owing to the low
pressure drop across the column and the more uniform density of the mobile
phase'#'®. This work demonstrates the compatibility. of this technique with mass
spectrometry and has demonstrated sensitivities and separations comparable to or
better than HPLC-MS.

EXPERIMENTAL

The emphasis of our work has been (a) the development of a working capillary
SFC-MS interface, (b) determination of parameters for an optimum interface design
and (c) an investigation of the range of application. Fig. 1 illustrates the SFC-MS
instrument constructed in this work. The instrument incorporates a high-pressure
programmable pump, a constant-temperature oven, capillary column, the direct fluid
injection (DFI) interface and a tandem quadrupole mass spectrometer equipped with
a dual electron impact—chemical ionization ion source.

The supercritical fluid chromatograph utilizes a Varian 8500 high-pressure
syringe pump (8000 p.s.i. maximum pressure) and a constant-temperature oven and
transfer line. Fused silica capillary columns, of 100- or 200-um 1.D. and lengths of 10—
30 m, were used in our initial studies.

Capillary columns were prepared by immobilizing the stationary phase
through peroxide cross-linking of SE-52 and SE-54!7 in a manner similar to that
described by Grob et al.'®1°, At present the selection of mobile phases is limited by
the range of columns that have been prepared for capillary SFC, restricting the use of
more polar mobile phases. The injection-splitter assembly allows reproducible 0.2-ul
injections'®, although the precise splitting ratio is not known. A Hewlett-Packard GC
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Fig. 1. Overall schematic diagram of the capillary column SFC-MS system.

temperature programmer was modified to provide pressure programming of the sy-
ringe pump2°. In our work to date isobutane and n-pentane have been used as mobile
phases. Most work has utilized n-pentane. Alternative mobile phases, such as carbon
dioxide®, offer distinct advantages for the analysis of thermally labile compounds
owing to the lower critical temperatures. Column temperatures slightly above the
critical temperatures (147°C for isobutane where 7, = 135°C, and 210°C for »-
pentane where T, = 196°C) are typically used to reduce the effects of thermal vari-
ations upon the mobile phase!'®. Pressure programs ranging from 20 to 75 atm for n-
pentane were used in this work.

The principal design considerations for the DFI probe involved obtaining con-
stant-temperature conditions, proper column restriction to obtain optimum flow-
rates and efficient transfer of non-volatile compounds to the ionization region.

Optimum chromatographic resolution in SFC requires maintaining a constant
temperature over the entire length of the column and elimination of all dead volumes
between the column and the detector. The present instrument attains these criteria by
extending the fused silica column through a constant temperature ( & 0.4°C) transfer
line to within 3 cm of the DFI probe tip. The DFI probe contains separate heating
elements to maintain the required temperature conditions. The fused silica capillary
column is connected to the DFI probe tip by a zero dead volume connection (fabri-
cated from a short length of 300-um I.D. tubing) to 100-um 1.D. (300-um O.D.)
platinum-iridium tubing. A silver chloride melt is used as a sealant. The platinum-
iridium tubing extends through the last 3 cm of the interface to the flow restrictor
which determines the mobile phase flow-rate.

Fig. 2 illustrates two of the probe designs we have evaluated. The probe il-
lustrated in Fig. 2A employs a laser-drilled orifice as a pressure restrictor. A 0.5-2.0-
um hole is drilled in 13-um thick stainless steel. A small tin gasket is used to make a
tight seal between the probe tip and the pressure restrictor, resulting in a dead volume
estimated to be of the order of 0.01 ul. The second DFI probe design (Fig. 2B) is
similar but terminates in a 0.2-0.5-mm length capillary restriction. This restriction is
formed, in this instance, by crimping the tubing termination to obtain the desired flow-
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Fig. 2. Schematic diagram of two of the direct fluid injection probes designed for interfacing SFC with a
conventional CI ion source: (A) a probe using a non-viscous laser-drilled orifice restrictor; (B) probe

utilizing a pinched ( < 1-mm) capillary restrictor.

rate. This restriction also provides an effective zero dead volume. All probe designs
are operated at the SFC temperature to obtain optimum chromatographic resolution.
The two probes have given similar performance in our initial studies; however, the
orifice in the first design appears to plug more readily. Probe design considerations
are discussed further in the next section. Additional probe designs of combined
characteristics are also being evaluated.

The DFI probes have been designed to couple with the direct probe inlet of a
“simultaneous” chemical ionization—electron impact (CI-EI) Extranuclear Labora-

TABLE I
FLOW-RATES AND MASS SPECTROMETER CHAMBER PRESSURES

Typical operating conditions.

Property Column diameter (mm)
0.1 0.2

Linear velocity (cm/sec) 3.0 2.2

Flow-rate (as liquid) (ul/min)* 20 60

SFC pressure (atm) 28 28

Chemical ionization source pressure (torr) 0.3 1.0

lon source chamber pressure (torr) 3.107* 1.0-1073

Mass spectrometer chamber pressure (torr) 0.8-1077 2.5-107°

* Assuming the stated column diameter is available to mobile phase flow (i.e.. neglecting the contri-
bution of the stationary phase wall coating).



CAPILLARY SUPERCRITICAL FLUID CHROMATOGRAPHY-MS 235

tories (Pittsburgh, PA, U.S.A.) ion source. A second CI source inlet provides ad-
ditional chemical ionization reagent gas (usually the SFC mobile phase). A Granville-
Phillips servo-valve and a pressure controller are used to regulate gas flow. Thus, a
constant CI source pressure is maintained during SFC pressure programming where
the flow to the ion source changes by as much as a factor of 2-3. The ion source
chamber is pumped with a 500 1/sec turbomolecular pump and the mass spectrometer
chamber is pumped with a 4-in. diffusion pump at a nominal pumping speed of 1200
1/sec. Table I gives the flow-rates, ion source and mass spectrometer chamber pres-
sures for reasonable flow-rates using 0.1- and 0.2-mm L.D. columns and n-pentane as
the mobile phase’®.

The mass spectrometer is an Extranuclear Laboratories tandem quadrupole
mass filter, providing collision-induced dissociation (CID) capability?'. The mass
spectrometer has a mass range of m/z 3-1400, with computer-controlled data ac-
quisition and storage.

RESULTS AND DISCUSSION

DFI probe and interface design

The successful interfacing of a capillary column SFC to a mass spectrometer
requires stable SFC conditions, minimizing or eliminating dead volumes and provid-
ing the necessary pressure restriction. The present interface design provides for the
necessary constant-temperature conditions and essentially eliminates all dead vol-
umes. '

The design of the DFI probe tip restrictor is a critical factor in SFC-MS
performance, as in LC-MS??2#_ An ideal restrictor will provide the desired restric-
tion and mobile phase flow-rate, will maintain supercritical conditions to as close to
the probe tip as possible and will provide a jet of vapors directed into the chemical
ionization volume. Additionally, the interface to the CI source should provide for
minimization of solvent clusters and eliminate or reduce the condensation or de-
composition of non-volatile or thermally labile compounds. The interface should also
provide flexibility in the choice of CI reagent gases and provide a flow-rate com-
patible with CI. Finally, the interface should be simple, easily maintained and capable
of prolonged operation without failure (e.g., plugging of the restrictor).

The properties of supercritical fluids allow the capillary column DFI interface
to approach these requirements more closely than with conventional packed column
LC-MS coupling. Direct liquid injection LC-MS interfaces deliver approximately 1-
4% of the total effluent into the mass spectrometer ion source***, although more
extreme splitting ratios have been reported by some workers. Indeed, more recent
work with micro packed columns has demonstrated the injection of the total LC
effluent®>. The principal problems with this interface result from the low volatility of
most solvents and the effects upon ion source operation with mobile phases such as
water. Additionally, cooling of the probe and orifice has been found desirable in
HPLC-MS operation to prevent solvent volatilization (which results in large changes
in introduction rate and the loss, or condensation, of material near the orifice). Some
of these difficulties may be avoided using an extended capillary restrictor as reported
by Krien et al.?®; however, it has not been demonstrated that this approach avoids
the predicted problems due to volatilization in the capillary and deposition of non-
volatile compounds.



236 R. D. SMITH. J. C. FJELDSTED. M. L. LEE

The capillary SFC-MS interface avoids problems related to solvent evapora-
tion by maintaining supercritical (dense gas) conditions up to the DFI restrictor.
Proper design of the injector tip can allow a rapid expansion of the dense gas avoiding
the liquid—gas phase transition in LC-MS. Additional advantages result from the
much higher volatility of typical mobile phases compared with HPLC, where typical
conditions result in extensive cluster formation and persistence of a jet of frozen lig-
uid droplets extending 2-5 cm into the vacuum region?*. In the DFI interface the n-
pentane jet disappears after less than 0.5 cm for flow-rates as large as 100 pl/min.
More typical flow-rates show no visible jet. A result of the mobile phase volatility is
that the mass spectra show no evidence of ion clusters. Similar results were obtained
for isobutane and can be expected for other mobile phases. Preliminary results with
carbon dioxide as a CI reagent indicate that these more advantageous mobile phases
are compatible with both positive and negative ion CI, suggesting significant ad-
vantages upon development of more adequate bonded stationary phases.

It is clear that the most important single component in the DFI interface is the
restrictor. The restrictor is chosen to provide the desired flow-rate. Owing to the
complex nature of the flow under supercritical conditions, the final design of ac-
ceptable restrictors is necessarily approached empirically. We have examined both
short viscous (i.e., capillary) and more nearly non-viscous (laser-drilled orifice) res-
trictors.

The use of extended viscous restrictors above the critical temperature is clearly
undesirable, as the gradual pressure drop will lower the mobile phase density gradu-
ally and lead to solute deposition within the capillary tube. The use of an extended
viscous restrictor in conjunction with cooling to below the critical temperature causes
two phase changes and presents additional problems. As the dense gas condenses a
liguid results in which some components may not be soluble. This is followed by an
additional loss of non-volatile materials as the solvent evaporates at the probe tip**.

The use of very short ( < 1 mm) viscous and more nearly non-viscous restrictors
results in a small jet of submicron droplets that disappears within <0.5 cm of the
restrictor for typical flow-rates (< 100 pl/min). The use of small laser-drilled orifices
in 13-um thick stainless steel provides a reasonably non-viscous restriction, The ideal
orifice diameter size is ca. 0.5 pm for 0.1-mm 1.D. columns and ca. 1.0 gm for 0.2-mm
1.D. columns. The major difficulties involve selection of the orifice (as the production
of uniform orifices in this size range is difficult) and possible plugging of the orifice.
This 1s particularly a problem for the smaller orifice sizes (< 1.0 um). Care must also
be taken to minimize the restrictor surface area subjected to the high pressure, as
these thin diaphragms are easily deformed, resulting in an increased orifice size and
causing an additional dead volume.

These problems are substantially reduced by using very short viscous restric-
tors. This design avoids the phase changes associated with long capillary restrictors
and allows a larger orifice. Crude restrictors of this type have been made by carefully
pinching the termination of 0.1-mm [.D. platinum--iridium tubing to provide the
desired flow and jet characteristics. These restrictors have been demonstrated to
function for several days before plugging and mass spectra confirm efficient transfer
to the CI source of non-volatile compounds, similar to non-viscous restrictors. Re-
search into the development of reproducible and easily replaced restrictors is con-
tinuing,.
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DFI interface operation

The capillary SFC-MS interface is a reliable and simple device. The interface
has been designed to use a direct insertion interlock for easy removal and mainte-
nance of the DFI probe.

Typical operating procedures that have proved successful involve first starting
the SFC flow prior to probe introduction with the oven and transfer line at proper
temperature (210°C for n-pentane) and with the probe at ambient temperatures. After
insertion into the vacuum the SFC pressure is increased to 20—30 atm. The flow-rate is
evaluated using the ion source chamber pressure as a guide. The DFI probe tempera-
ture is then increased to 210°C. The entire start-up period requires less than 10 min.

The CI source pressure due to SFC flow ranges from 0.1 to 2 torr depending on
the column diameter and the desired flow-rate. A single SFC separation may involve
pressure programming over a range of 20-60 atm and result in a corresponding
change in ion source pressure. As optimum ion source tuning is dependent on pres-
sure, the CI ion source pressure was held constant using an auxiliary gas inlet and
servo-valve to provide optimum and constant chemical ionization conditions regard-
less of column pressure. This is particularly important for 0.1-mm I.D. columns where
flow-rates are small and additional gas is necessary to optimize sensitivity. The effect
of CI pressure is illustrated in Fig. 3 for multiple injections of pyrene on a short I-m
column. Mass spectra were obtained for thirteen 0.2-ul injections of a 1:1000 solution
in n-pentane, corresponding to 200 ng per injection before the splitter. Fig. 3 gives the
reconstructed ion chromatogram for the (M + 1)* ion (m/z 203). Ion source pres-
sures of 0.4 torr were obtained for the first injection and the pressure was increased in
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Fig. 3. lon current for m/z 203 for a series of identical pyrene injections at various ion source pressures (in
torr). The ion source was tuned at 0.4 torr and left unchanged for five subsequent injections at higher
pressures and then retuned at 0.9 torr for the subsequent injections.
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0.1-torr increments using the auxiliary gas inlet for the next five injections without
retuning the ton source and ion optics voltages. The ion source was then retuned and
pressures were decreased in 0.1-torr increments. These results demonstrate that the
effects of pressure changes are relatively minor and that optimum sensitivity is ob-
tained for approximately 0.6-0.8 torr pressure in our ion source. If constant CI source
pressure is maintained using the auxiliary inlet, then the mass spectrometer response
(peak area) is independent of flow-rate (SFC pressure) and the variation in response
results from the injector operation (approximately +5%).

The chemical ionization source provides both excellent sensitivity and flex-
ibility owing to the potential for the addition of different CI reagent gases. For 100-
um 1.D. columns at optimum column flow-rates the added gas can amount to as
much as 909, of the CI reagent gas. This allows the capability of mixed CI reagent
gases and eases limitations due to the ionization method. The two CI reagents used to
date, isobutane and n-pentane, provide “mild” ionization conditions owing to the
dominant proton transfer process. Many compounds analyzed in this manner yield
spectra with a dominant (M + 1)* ion and little additional fragmentation, although
for n-pentane (M + 43)*, (M + 55)* and (M + 71)* peaks, often with distinctive
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Fig. 4. Reconstructed single ion chromatogram for m/z 163, the (M + 1) ion for triethylbenzene. Plot
shows the response for two injections of 200 and 20 ng.
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relative intensities, are also observed for some compounds. For cases where ad-
ditional information is necessary for identification one can use either more energetic
mixed CI reagents or the CID capability of the double quadrupole analyzer?!.

Fig. 4 illustrates the response obtained for two triethylbenzene injections of 200
and 20 ng, respectively, for a flow-rate of ca. 17 cm/sec (ca. 30 ul/min of liquid) using
a 0.1-mm [.D. column. The mass spectra show a dominant (M + 1)* ion at m/z 163
to constitute the base peak and no other ions amounting to more than 10% of m/z
163. These results obtained while scanning the mass spectrometer illustrate the excel-
lent sensitivity of the technique even with overall decreased ion currents resulting
from the use of a tandem quadrupole mass filter and an uncertain injector splitting
ratio. The signal-to-noise ratio for the (M + 1)* ion is greater than 100 for 20-ng
injections, suggesting detection limits in the subnanogram range while scanning and
in the low picogram range for single ion monitoring even for broad peaks for com-
pounds with long retention times. Owing to the decreased splitting ratio, at present
greater sensitivity is obtained using 0.2-mm I.D. columns while improved chromato-
graphic resolution can be obtained with 0.1-mm I.D. columns!®.

Fig. 5 illustrates the application of the capillary SFC-MS to a mixture of five
polycyclic aromatic hydrocarbon compounds in methylene chloride. The separation
used a 20 m x 0.2 mm I.D. column and n-pentane as the mobile phase. The injected
mixture contained a nominal 100 ng of each component. The reconstructed total ion
chromatogram shows that the mixture of naphthalene, anthracene, pyrene,
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Fig. 5. Total reconstructed ion chromatograph for a SFC-MS analysis of a mixture of five polycyclic
aromatic hydrocarbons and associated impurities. The separation used 2 20 m x 0.2 mm L.D. column and
a pressure program involving isobaric conditions at 24 atm for the first 15 min followed by a 0.8 atm/min
increase to 40 atm.
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benzo[a]pyrene and coronene was easily separated. The solvent peak actually results
from response due to increased solubility of material on the column or a slight
stripping of the column resulting from the use of methylene chloride solvent. Fig.
5 also shows evidence of several additional impurities. Fig. 6 gives reconstructed
single ion chromatograms for eight (M + 1) ions for compounds in the mixture,
including three impurities having molecular weights of 20§, 226 and 276. Evidence
has been obtained for at least 20 additional minor impurities in this mixture. Fig. 7
gives the mass spectra obtained for anthracene, pyrene and benzo[a]pyrene in this
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Fig. 6. Reconstructed single ion chromatograms obtained for eight (A7 + 1)” ions in the separation shown
in Fig. 5. Also given are the (M + 1)* chromatograms for three impurities having molecular weights of
208, 226 and 276.
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separation. The spectra show minor contributions of (M + 43)*, (M + 55)* and
(M + 71)7 ions in most cases. The anthracene spectrum also shows a sizable im-
purity of molecular weight 226 which elutes simultaneously. These spectra demon-
strate that high quality mass spectra can be obtained during capillary SFC-MS
analyses.
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Fig. 7. Mass spectra for three of the peaks in the chromatogram given in Fig. 5. The mass spectra show the
presence of (M + 43)*, (M + 55)* and (M + 71)" ions for some compounds. Scan 206 contains evidence
of a large impurity eluting nearly simultaneously with anthracene (see Fig. 6).

The application of the SFC-MS instrument to non-volatile high-molecular-
weight compounds is illustrated in Fig. 8, which gives the total reconstructed ion
chromatogram for a separation of a polystyrene sample having a nominal molecular
weight of 800. The separation used a 0.2-mm I.D. column, a programmed pressure
increase from 28 to 60 atm and n-pentane as the mobile phase. The chromatogram
shows the first twelve styrene oligomers to be clearly resolved. The molecular weight
of the individual oligomers is 104n + 58; thus the twelfth oligomer has a molecular
weight of 1306. The mass spectra show (M + 1)* ions and distinctive fragment ions
for each oligomer, clearly proving the separation and demonstrating that the mass
spectra are obtained without detectable decomposition of the individual oligomers.
Additionally, the largest peak areas are obtained for the » = 7 and n = 8 oligomers as
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would be expected from the known average molecular weight. These results demon-
strate the efficient transfer of compounds (i.e., the larger oligomers) expected to be
non-volatile for the ion source temperature of 210°C. Although similar separations
can be obtained using HPLC, these results demonstrate that capillary column SFC is
a potentially powerful alternative technique. Similar results have been obtained for
other essentially non-volatile compounds, demonstrating that such compounds can
be efficiently transferred to the ion source and ionized.
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Fig. 8. Total ion chromatogram for the SFC-MS analysis of a polystyrene sample having an average
molecular weight of 800. The chromatogram shows the first twelve oligomers which have molecular
weights of 104n + 58. The separation used a 20 m x 0.2 mm 1.D. column and isobaric conditions for the
first 15 min followed by a 1.2 atm/min increase to 60 atm.

CONCLUSIONS

Excellent sensitivities for a variety of compounds have been demonstrated with
the developed capillary column SFC-MS interface. Our initial work has also demon-
strated separations comparable to those obtained with HPLC. In principle, capillary
SFC should be capable of significantly improved resolution compared with conven-
tional packed column HPLC!®. The range of samples amenable to SFC approaches
that of HPLC and, if substantially increased chromatographic resolution can be
obtained, may make SFC the method of choice for many separations. Present limi-
tations upon capillary SFC stem primarily from limited column technology and the
non-availability of sufficiently stable or chemically bonded stationary phases.

The development of a reliable SEFC-MS interface can be expected to result in
the increased application of SFC, particularly as improved and alternative capillary
columns become available. This work has demonstrated that the mass spectrometer is
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a nearly ideal capillary column SFC detector, providing comparable or greater sensi-
tivity than alternative methods in addition to high selectivity. We have also shown
that non-volatile high-molecular-weight compounds can be efficiently detected and
analyzed using the capillary SFC-MS instrumentation. The detection of such com-
pounds illustrates the successful application of a short capillary restriction for injec-
tion of non-volatile molecules into the ionization region. Efforts are being made to
simplify the interface by the production of improved restriction devices.
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SUMMARY

1-Nitropyrene was found to decompose during gas chromatographic—mass
spectrometric (GC-MS) analysis. Decomposition was observed both on the column
and after the column. The decomposition product was tentatively identified as amino-
pyrene. Extracts of an air particulate samplc and an electrostatically precipitated fly-
ash sample from a municipal incinerator were examined for the presence of 1-nitro-
pyrene. The compound was identified in the air particulate extract at the low ppm
level, but was not detected in the fly-ash sample. A stable isotope standard was
employed to compensate for the lability of the 1-nitropyrene in the GC-MS system
to assure positive identification and quantification of the low levels present in air

particulates.

INTRODUCTION

There is an increasing awareness that the mutagenicity of airborne particulate
matter cannot be attributed solely to the polycyclic aromatic hydrocarbons (PAHs)
present. Direct-acting mutagens, that is, compounds which unlike the PAHs are
mutagenic for Salmonella typhimurium strains without activation by a mammalian
metabolic system, have been found in airborne particulates', diesel particulate ex-
tracts?> and fly-ash*>. The presence of nitroaromatics in airborne particulates has
been implicated through the use of bacterial strains of differing sensitivity to ni-
troaromatics'. By fluorescence quenching after thin-layer chromatography, 3-nitro-
fluoranthene and 6-nitrobenzo[a]pyrene have been identified in atmospheric samples®.
1-Nitropyrene has been quantified in diesel particulate extracts®3:7 and has been
found to account for up to 30 % of the direct-acting mutagenicity of a diesel exhaust
extract?.

In this study we have examined pooled air particulate sample extracts and

0021-9673/82/0000-0000/302.75  © 1982 Elsevier Scientific Publishing Company
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pooled municipal incinerator fly-ash extracts tor the presence of l-nitropyrene using
gas chromatography mass spectrometry (GC-MS). Nitropyrene was present in the
air particulate sample and undetectable in the fly-ash sample. Decomposition of
nitropyrene in the GC-MS system made positive identification and quantification
difficult at the low levels present in the environmental samples. The use of deuterated
(dy) l-nitropyrene as an internal standard allowed the positive identification and
quantification of ]-nitropyrene.

EXPERIMENTAL

Sample collection and extraction

The air particulate sample was a pooled extract from two urban sampling sites
in southern Ontario. The samples were supplied by the Ontario Ministry of the
Environment, Air Resources Branch. The particulates were collected on 8 x 10 in.
glass-fiber filters using a standard Hi-Vol technique®. The filters were extracted over-
night with benzene using a Soxhlet extraction apparatus. The dry weight of the
combined extracts was 20.2 mg.

The fly-ash sample was a pooled extract from eleven samples of fly-ash from a
municipal incinerator in Ontario. The methods of collection and extraction have been
described previously®. The samples were of electrostatically precipitated fly-ash and
- were collected on different days. About 20 g of each fly-ash sample were extracted
with benzene in a Soxhlet apparatus. The dry weight of the combined extracts was
16.3 mg.

Analysis

A i-nitropyrene and a deuterated (dy) i-nitropyrene standard were received
from Ford Motor Company (Dearborn, M1, U.S.A.). [-Aminopyrene was purchased
from .Aldrich (Milwaukee, WI, U.S.A)). The high-performance liquid chromato-
graphic (HPLC) separation procedure described by Schuetzle er al.*> was used to
fractionate the samples. A 10.7-mg aliquot of the air particulate sample was frac-
tionated and an 8.9-mg aliquot of the fly-ash extract was separated on a semi-prepar-
ative scale Porasil 10-um normal-phase column. A I-nitropyrene standard was used
to determine the time during the gradient program when the fraction should be
collected for nitropyrene analysis.

The GC-MS analyses were performed using an HP5992 GC-MS-calculator
system equipped with an xy-1 plotter and floppy disk. Packed column runs were
carried out on a 6-ft. column packed with high-performance Aue packing'®. A mem-
brane separator interfaced the packed column to the MS system. Analysis by capil-
lary GC was carried out on a 25-m fused silica OV-101 column with splitless injection.
An HP59916A glass capillary effluent splitter interfaced the capitlary column to the
MS systen. The mass spectrometer was tuned using the manufacturer-supplied pro-
gram AUTOTUNE.

RESULTS AND DISCUSSION

The electron-impact fragmentation pattern of [-nitropyrene as reported by
Schuetzle et «l.? is given in Table 1. These abundances are in good agreement with the



DECOMPOSITION OF NITROPYRENE DURING GC-MS 247

TABLE I
RELATIVE ABUNDANCES (%) OF IONS IN I-NITROPYRENE AND 1-AMINOPYRENE

myz 1-Nitropyrene 1-Aminopyrene

Schuetzle et al.? 480 ng 130 ng 35 ng 15 ng

injected injected injected injected
247 1060 90.90,93 88.82 59,58 30,31 —
201 100 100,100,100 100,100 72,70 39,41 2,2
200 55 74,7574 77,72 62,55 39,34 33
217 40 49.61,50 60,71 100,100 100,100 100,100
189 40 56,56,54 39,60 62,65 61,50 35,39
216 — 6,7,5 9,10 22,18 24,25 21,20
108.5 - 3,<5,2 5,6 20,15 24,22 23,26
94 — 52,5 8,10 21,18 33,34 31,34
5PL 2888 SPECE 24A@ RET TIME 5.8 T0T AB 14658
128
7S
5o YEA NG
25
, |
58 180 I5@ zon 258 3ge 354 ]

SPL 26A2 SPECE¥ 13 RET TIME 5.1 TO0T AB 33EB

sB 1] 158 288 258 el ] 358 YHea
SPL 26B4 SPECE 23 RET TIME 5.2 TOT A8 BB93
1]
s
sa
25

sa 128 153 2ae 258 382 L umz

M/Z

Fig. 1. Mass spectra for three amounts of 1-nitropyrene. The small peaks at m/z = 259 and 313 of the 35-
ng injection are due to the background.
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spectrum identified by Yu and Hites'! as nitropyrene or nitrofluoranthene in a diesel
particulate extract sample. Our spectra of high concentrations of 1-nitropyrene agree
well with these published spectra. However, it was found that when smaller amounts
of l-nitropyrene were injected these relative abundances were not observed.

Fig. 1 shows the spectra obtained for I-nitropyrene for three levels of com-
pound injected. The l-nitropyrenc was introduced by on-column injection on a
packed column. The spectra were taken at the peak maxima, with the lowest valley
between peaks used for background subtraction. The ions at m/z = 217, 216, 108.5
and 94 increased in relative abundance as lower amounts of 1-nitropyrene were in-
jected. Fig. 2 shows that these ions are all present in the spectrum of I-aminopyrene.
As can be seen from Table I, for the 15-35-ng I-nitropyrene injections, the relative
ion abundances of m/z 217/216, 217/108.5 and 217/94 all approach the values found
in l-aminopyrene spectra. This suggests that the spectra in Fig. 1 are combined
spectra of l-nitro- and l-aminopyrene with the l-aminopyrene to 1-nitropyrene ratio
increasing with decreasing amounts of 1-nitropyrene injected. If, as suggested by the

data in Table 1, the presence of ions at m/z = 216, 108.5 and 94 is due to l-amino-
pyrene, then the m/: = 108.5 peak is due to the doubly charged molecular ion of 1-
aminopyrene.
SPL 2873 SPECE# 27! RET TIHE 3.8 TOT AR 3897
122
H+
217
78
5@
M+/Lc‘ 188
I’?.S
25
dalkleh, 1 Ay,

' !
I TTTTTTITTITTITT T Td

2] 208 259 3o 358 elaf]

—

1 alkly
IllTTI]
58 el

!

(11
15
M/Z

Fig. 2. Mass spectrum of |-aminopyrene.

Possible explanations for the presence of l-aminopyrene are that it is an im-
purity in the standard 1-nitropyrene or that the nitropyrene decomposes to |-amino-
pyrene somewhere in the GC-MS system. Fig. 3 shows a selected-ion monitoring
(SIM) trace of a co-injection of l-nitropyrene and l-aminopyrene. As the two com-
pounds are separated on the packed column employed, a I-aminopyrene impurity in
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RN 2880
H/7 188.5
FS 1l

RUN z88R
#/2 183.0
FS 222

RN 2888
W/1 Z08.8
FS 228

RUN Z8BR
W/Z 28i.8
FS 276

RUN zB8E
W2 217.8
F5 387

M'I'
RUN 28800
W/Z 7.8
FS 283
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LY 18
1-NITROPYRENE 1-AMINOPYRENE i

Fig. 3. SIM data for a co-injection of 1-nitropyrene (101 ng) and 1-aminopyrene (97 ng). Aue 6-ft. packed
column. Conditions: injection port temperature, 250°C; initial column temperature, 220°C for 3 min, then
programmed at 4°C/min to 250°C. Subscript A indicates ion of 1-aminopyrene. FS = full-scale value.

the standard could not explain the 1-aminopyrene present in the spectra in Fig. 1.
Decomposition in the GC-MS system would explain the observed spectra. For de-
composition on the column, the longer retention time of the compound as it de-
composed to 1-aminopyrene would produce a tailing peak. It can be seen in Fig. 3
that the ions characteristic of 1-aminopyrene, i.e., m/z = 217, 189 and 108.5, are
indeed tailing peaks. The ions at m/z = 247, 201 and 200, which are present only in 1-
nitropyrene,-produce more nearly symmetrical peaks.

In addition to on-column decomposition of 1-nitropyrene to 1-aminopyrene, it
would appear that decomposition is occurring at the GC-MS interface or in the mass
spectrometer source. The m/z = 247 peak is due entirely to the 1-nitropyrene, so the
peak maximum of this peak gives the retention time of nitropyrene on the column. In
Fig. 3 the high relative abundance of the m/z = 217 ion in comparison with the
literature spectra of 1-nitropyrene indicates some 1-aminopyrene to be present. As the
peak maximum of the m/z = 217 ion is coincident with that of m/z = 247, this
indicates that the compound traveled through the column as nitropyrene and de-
composed after the column at the interface or in the MS source. The appearance of a
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peak at myz = 108.5 with the same retention times maximum also suggests de-
composition after the column, as this peak is the doubly charged molecular ion peak
seen in the spectrum of 1-aminopyrene. Suggested identities ot the tragment ions are
given in Fig. 3.

The same change in spectral pattern with concentration occurred using a fused
silica capillary column {(OV-101) with splitless injection. Fig. 4 shows the m/z = 247
(M)* and m/z = 217 ions for a SIM run with 18 ng of 1-nitropyrene standard. Note
that no molecular ion peak is present, suggesting that the l-nitropyrene is entirely
decomposed.

RUN 32583
W1 217.1
‘FS 2B

i N in is 20

RUN 3858
W/zZ 247.1
: 5 8

T e e B i
a 8 18 I8 20 MiN

Fig. 4. SIM data for 18 ng of a 5.5 ng/ul standard of 1-nitropyrene. m/z = 247 is the molecular ion, (M) *.
25-m OV-101 capillary column; splitless injection. Conditions: injection port temperature, 250°C; initial
column temperature, 150°C, then programmed at 5°C/min to 250°C.

Fig. 5 shows the mass spectrum of a deuterated (dg) 1-nitropyrene standard
(M™ = 256). Fig. 6 shows a SIM analysis of a co-injection of a large amount (ca. |
ug) of this deuterated 1-nitropyrene with 18 ng of 1-nitropyrene standard. A distinct
(M)™ peak for I-nitropyrene is now present at m/z = 247 and the abundances of both
mfz = 247 and 217 are increased (compare with Fig. 4). Fig. 7 shows a SIM run of
l-nitropyrene-d, monitoring the (M)*, (M — NO)* and (M — CNO,)" peaks for
both 1-nitropyrene and 1-nitropyrene-dg. The very low full-scale value for the m/z =
247 ion shows that there is no interference of the 1-nitropyrene-dy with the molecular
ion of 1-nitropyrene, that is, the m/z = 247 abundance in Fig. 6 is due entirely to the
l-nitropyrene. The m/z = 217 abundance, however, is in part from the deuterated
standard.

By injecting a large amount of deuterated standard, the fraction decomposing
is small. As the active sites causing decomposition do not distinguish deuterated from
non-deuterated, the fraction of 1-nitropyrene decomposing is also small and the m/
z = 247 peak reflects the actual concentration. The estimated minimum detectable
amount of 1-nitropyrene, that 1s, the minimum amount of 1-nitropyrene which when
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Fig. 5. Mass spectrum of l-nitropyrene-d,.
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Fig. 6. SIM data for 18 ng of 1-nitropyrene standard co-injected with ca. 1 ug of 1-nitropyrene-d,. Column
and conditions as in Fig. 4.
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Fig. 7. SIM data for ca. 1 ug of 1-nitropyrene-dy, monitoring the (M)*, (M — NO)* and (M — CNO,)"*
ions for I-nitropyrene-dg and [-nitropyrene. Column and conditions as in Fig. 4. Note the insignificant m/
z = 247 abundance.

co-mjected with 1 ug of I-nitropyrene-d, would give a discernible m/z = 247 peak, is
3 ng.

The HPLC fraction of the air particulate sample in which 1-nitropyrene would
be eluted was examined by GC-MS-SIM. Fig. 8 shows the air particulate fraction
injected alone (bottom two ion traces) and co-injected with I-nitropyrene-d,. The
appearance of a peak at m/z = 247 which coincides with a peak at m/z = 217 and
matches the retention time of the (M)" peak of m/z = 256 for |-nitropyrene-dg
identifies this peak as 1-nitropyrene. One or more of the three earlier peaks seen on
the m/z = 217 ion trace could be isomers of nitropyrene or nitrofluoranthene with no
discernible (M)* peak.

The average response (area of m/z = 256 per ng) for four injections of 1.1 ug of
l-nitropyrene-d, was 435 area counts. The standard deviation of the four numbers
was 60. This relatively large standard deviation may be attributable to the difficulties
with reproducibility in the splitless injection mode and to variable adsorption effects.
The spectral pattern as evidenced by the ratio of m/z = 256/226 remained constant.

For the air particulate sample, the molecular i1on was used for quantification as
there is no interference from the deuterated standard. Using the co-injected deuter-
ated standard as an internal standard to correct for non-uniform adsorption and
injection, corrected response (area of m/z = 247 per ng) values for duplicate injec-
tions of the 5.5 ng/ul of 1-nitropyrene standard were 382 and 399. By comparing Figs.
6 and 8§, it can be seen that the 5.5 ng/ul standard closely corresponds to the amount
of l-nitropyrene in the air particulate sample injections. Therefore, the average value
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Fig. 8. SIM data for an air particulate extract sample, injected alone (lower two traces) and co-injected
with ca. | ug of 1-nitropyrene-d; (upper three traces). Column and conditions as in Fig. 4. Each injection
was 3%, of the air particulate HPLC fraction.

of 390 (area of m/z = 247 per ng of nitropyrene) was used to calculate the concentra-
tion of 1-nitropyrene in the air particulate sample injections. Accounting for dilution
volumes and the total air particulate extract weight, the 1-nitropyrene concentration
in the extract is 60 and 68 ppm (w/w) for the duplicate quantifications.

For the HPLC fraction of the fly-ash extract in which 1-nitropyrene would
appear, if present, no discernible peaks at m/z = 247 or 217 appear at the retention
time for 1-nitropyrene. Co-injection of the 1-nitropyrene-d, standard produced only
a small interference peak at m/z = 217. Owing to a high background from the fly-ash
for m/z = 247, the detection limit for 1-nitropyrene in this sample is about 20 ppm
(w/w) of extract.

Although 1-nitropyrene was not detected in this precipitated fly-ash from a
municipal incinerator, the presence of 1-nitropyrene in the exhaust gases from the
incinerator cannot be ruled out. Fisher et al.* have reported that ash samples col-
lected from the hoppers of an electrostatic precipitator in a coal-fired power plant
were not mutagenic, whereas fly-ash collected from the smokestack of the power
plant were found to be mutagenic.

The decomposition of 1-nitropyrene in the GC-MS system makes positive
identification and quantification difficult. The use of a deuterated internal standard
allowed the quantification of 1-nitropyrene in an air particulate sample.
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SUMMARY

The use of UV spectrophotometry, thin-layer chromatography (TLC) and gas—
liquid chromatography (GLC) for the identification and determination of some car-
bamate, thiocarbamate acid and urea derivatives is described. For the separation of
carbamate and thiocarbamate pesticides TLC and GLC are applied. Methods for
obtaining airborne samples are described and the results of the determination of some
pesticides by different methods are presented.

INTRODUCTION

The increasing use of herbicides and pesticides has led to environmental con-
tamination problems, including air. Among the many chemical combinations used as
pesticides, urea, carbamate and thiocarbamate derivatives are of great importance.
This paper describes methods for the identification and determination of such com-
pounds in air.

In accordance with requirements! for methods for air analysis in working
zones, the duration of taking air samples should not exceed 30 min when determining
pesticides at the level of half of the maximum allowable concentration (MAC).
Proceeding from these requirements, the lower limit of detection of the substance in
1 m* of air should not exceed half of the MAC.

Table I lists the MACs of carbamate, thiocarbamate and urea derivatives! and
the maximum possible concentrations of their vapours in air calculated by us accord-
ing to their saturated vapour pressures®:* and also obtained experimentally are given.
As shown in Table I, the MAC of pesticides in air in working zones fluctuates within
the range 0.2-5 mg m ™ and the maximum possible concentrations of their vapours in
air are 0.12-54.2 mg m 3 for carbamates, 0.03-0.3 mg m ™~ for urea and 23-357 mg
m > for thiocarbamates. Hence maximum possible concentrations of pesticide va-
pours exceeding the MAC by many times occur for some carbamate derivatives and all
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TABLE I

MAC AND MAXIMUM POSSIBLE VAPOUR CONCENTRATION OF SOME PESTICIDES IN THE
WORKING ZONE AIR

Systemuatic name Pesticide name MAC Saturated Max.
T = (mgm *) vapour possible
1SO U.S.S.R. pressure concentration
(mmHg) (mgnm 3y
3-Methoxycarbonylaminophenyl-N- Phen-
(3-methylphenyl)carbamate medi- Beta-
pham nal 0.5 0.14-107* 0.2(20 C)
4-Chlorbutyne-2-yl-N- Bar- Car-
m-chlorophenylcarbamate ban byne 0.5 5.02-107¢ 7(25-C)
Isopropyl-N-phenylcarbamate Pro-
pham FC 2.0 6.4(20' C)
Isopropyl-N-(3-chlorophenylcarbamate) Chlor-
propham Chlor-IFC 2.0 1075-10"°¢ 0.1
0.01(25°C)
1-Naphthyl-N-methylcarbamate Carbaryl Sevin 1.0 5-1073 54.2(26°C)
5,6-Dimethyl-2-dimethylamino-4- Pyri-
pyrimidinyldimethylcarbamate micarb Pyrimor 0.2 30-107¢ 0.37(30°C)
S-Propyldipropylthiocarbamate Vernolat Vernam 5.0 10.9-1073 119.4(25°C)
S-Ethylcyclohexylthiocarbamate Cycloate Roneet 1.0 2-1073 23.4(25°0)
93(20°C)
S-Ethyl-N,N-diisobutylthio-
carbamate Butylate Sutan = 13.0-1073 152(25°C)
S-Propyl-N-ethyl-N-butylthiocarbamate Pebulate Tillam 1.0 0.01 109.4(25°C)
S-Ethyl-N,N-di-n-propylthio-
carbamate EPTC Eptam 2.0 35-1073 357(25°C)
S-Ethyl-1-hexamethyleniminothio-
carbamate Ordram Yalan 0.5 0.005 56(25°C)
N-3,4-Dichlorphenyl-N,N-dimethylurea Diuron Diuron 5.0 0.31-107° 0.03(50°C)

DCM 5.0 0.3(20°C)

1,3-Bis-(2,2,2-trichloro-1-oxyethyl)urea

thiocarbamate derivatives listed. This determines the method of taking air samples
for pesticide analysis, depending on the state of the substance involved.

In the literature, conditions for the chromatographic separation of numerous
pesticides, including phenylurea, carbamate and some thiocarbamate derivatives,
from vegetables, soils and animal tissues have been described. The methods used
included thin-layer chromatography (TLC) and gas-liquid chromatography (GLC)
with flame-photometric, electrolytic conductivity and nitrogen (N-FID) detectors™”,
The application of high-performance liquid chromatography (HPLC) for the de-
termination of carbamate insecticide® has also been described. There is little informa-
tion on methods for the determination of urea, carbamaté and thiocarbamate deriva-
tives in air®'!.

We have investigated the possibility of identifying and determining some urea,
carbamate and thiocarbamate derivatives in air by means of UV spectrophotometry,
TLC and GLC.
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DETERMINATION OF UREA, CARBAMATE AND THIOCARBAMATE
EXPERIMENTAL AND RESULTS

UV spectrophotometry

UV absorption spectra of chemically pure substances were measured at room
temperature (20 + 3°C) using SF-4a and SF-16 spectrophotometers in quartz cuvettes
(I = 1 cm) with 96 % ethanol and r-hexane as solvents.

Table II gives wavelengths of maximum absorption and molar absorptivities.

TABLE II

£max AND /4. OF ABSORPTION OF UREA, CARBAMATE AND THIOCARBAMATE DERIVA-
TIVES

Type Pesticide Empirical formula 7, Emax (I mol™!
cm™t) Solvent
Thiocarbamates Diptal C,oH;cONCIS 249 0.31-10* n-Hexane
254-255 0.56-10* Ethanol
Roneet C,,H,,0ONS 233 1.54-10° n-Hexane
272 0.33-10°
232 0.88-10° Ethanol
272 0.14-10°
Eptam Cy,H,,ONS 255 0.67-10° n-Hexane
255 0.14-10° Ethanol
Yalan CyH,,ONS 280-281 0.63-10% n-Hexane
279280 1.5-107 Ethanol
Arylcarbamates  Asulam CeH,,0.N,S 270 1.6-10* Ethanol
Betanal Ci6H,60.N, 238 3.72-10% Ethanol
262.5 0.3-10* Ethanol
265 0.35-10* n-Hexane
278 0.35-10* n-Hexane
Carbyne C,,H,O,NCI, 277-278 18-10° n-Hexane
285286  1.6-10° Ethanol
IFC C,oH;;0,N 237 Ethanol
275 0.85-10° n-Hexane
282-286
Chlor-IFC C,oH,;,0,NCI  240-241  2.65-10° Ethanol
273 0.48-10? Ethanol
274 1.39-10° n-Hexane
286 n-Hexane
Aniline CgH,N 230, 280 n-Hexane
m-Chloroaniline C¢HNCI 239.5, 285-
286 n-Hexane
Phenylurea Dosanex C,oH3O,N,Cl 247 1.05-10* Ethanol
derivatives 247 0.2-10* n-Hexane
Diuron CoH,,ON,CI, 246 1.6-10% Ethanol
3,4-Dichloroaniline CzH;NCL, 244-245 Ethanol
TLC analysis

Aluminium oxide (activity IT), silica gel KCK and Silufol TLC plates were
used, with n-hexane, n-heptane, chloroform, benzene, ethanol, ethyl acetate, carbon
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tetrachloride, diethyl ether, light petroleum, acetone and their mixtures as mobile
phascs.

For the detection of phenylcarbamates and phenylureas, an azo reaction was
used. Diazotization was carried out with sodium nitrite solution after preliminary
thermal degradation of the pesticide molecules, then the diazo compound obtained
was combined with «-naphthol or g-naphthylamine. Coloured reaction products
were obtained with 4-aminoantipyrine in the presence of ammonium persulphate
[(NH,),S,04] as an oxidant (betanal), or with p-dimethylaminobenzaldehyde (asu-
lam, betanal). The sensitivity of determination was 1-10 ug.

Thiocarbamate pesticides were subjected to reaction with bromophenol blue
reagent or with o-toluidine after N-chlorination (eptam, tillam, yalan). The sensitivity
was 0.25-2 ug. For detection of roneet, Dragendorf reagent or sulphuric acid were
also used.

Table 111 gives the optimum conditions for the determination of some combi-
nations.

TABLE 111

LIMITS OF DETECTION AND R, VALUES OF CARBAMATE AND THIOCARBAMATE DERIV-
ATIVES IN THIN LAYERS OF SORBENT

Pesticide Sorbent Mobile Ry Minimum
phase* value determinable
amount (ug)

Asulam Aluminium oxide E-W (2:1) 0.55

3
Betanal Aluminium oxide C 0.4 3
Benleit Silufol CCL-E (9:1) 0.6 1
Carbyne Aluminium oxide H-C (1:3) 0.5 5
IFC Aluminium oxide H-C (1:3) 0.76 10
Chlor-1FC Aluminium oxide H-C (1:3) 0.8 10
Aniline Aluminium oxide H-C (1:3) 0.62
m-Chloroaniline Aluminium oxide H-C (1:3) 0.71
Yalan Silufol H-D (4:1) 0.54 1
Roneet Silufol H-D (4:1) 0.73 2
Tillam Silufol H-D (4:1) 0.80 2
Vernam Silufol H-D (4:1) 0.82 0.25
Sutan Sijufol H-D (4:1) 0.87 1
Yalan Silufol B-H (9:1) 0.6 1
Roneet Aluminium oxide B-H 0.55 10

(3:20r4:1)

* B = benzene; C = chloroform; CCl, = carbon tetrachloride; D = diethyl ether; E = ethanol; H
= n-hexane; W = water.

GLC analysis

A Tswet-106 gas chromatograph with a thermoionic detector (TID) was used
under both isothermal conditions and with temperature programming. The lengths of
the glass columns were | and 2 m, with [.D. 3 mm.

The stationary phases SE-30 (3 and 5 %), XE-60 (5 %), DC-550 (5%;) and OV-
17 (2 and 5%) on Chromaton N AW DMCS and Chromaton N AW (0.16-0.24 mm)
were investigated at different temperatures.
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The following optimum conditions for the separation of six thiocarbamate
pesticides were found: column temperature, 140-170°C; mitrogen flow-rate, 20 ml
min~'; compressed air flow-rate, 200400 ml min~!; hydrogen flow-rate 15 ml
min~'; amplification, 5-10712-100-107!* A.

Table IV gives results for the separation of thiocarbamate derivatives using a
TID and 5% DC-550 on Chromaton N AW DMCS and a 5%, SE-30-5 9, XE-60 (1:1)
mixed phase.

TABLE IV
SEPARATION OF SOME THIOCARBAMATE DERIVATIVES BY CHROMATOGRAPHY

Pesticide 5% DC-550 5% SE-30 + 5% XE-60 (1:1)
Retention Separation Retention Separation
time (sec) Sfactor time (sec) Jfactor

Eptam 270 285

1.1 1.5

Sutan 348 348

0.4 0.6
Vernam 405 375

0.3 2.5
Tillam 437 690

I.1 1.0
Yalan 712 750

1.3 0.7
Roneet 954 Si0

Air sampling

When applied in agriculture, the derivatives of urea (DCM, diuron and others)
and of some carbamates such as betanal, chlor-IFC, carbyne and pirimor occur
mainly as aerosols in air in the working zone and thiocarbamates occur as aerosols
and vapours simultaneously. Therefore, when studying conditions for air sampling
(absorption media, rate of sampling, duration of aspiration), the pesticide volatility,
the form of its application (concentrate, emulsion, granulated preparation, etc.), and
the method of treatment of agricultural samples must be taken into account. Hence,
when sampling aerosols, the filters investigated were AFA-KhA (filtration material:
uniform distribution of ultrathin acetylceltulose fibres) and AFA-V (Perchlor vinyl
fibre) ash-free filter-papers.

The rate of air aspiration was up to 151 min~*. For sampling vapours, silica gel
KSK, ASK, glass-wool, acetone, n-hexane and ethanol in cooling traps were used
as absorbents. The sampling rate was 0.2-1 1 min~*.

The absorption capacity of the absorption media was tested in model experi-
ments under laboratory conditions; using an experimental aerosol an aspiration rate
was selected and the air volume necessary for analysis was determined. When taking
samples of airborne volatile pesticides such as vernam and eptam, combined ab-
sorbents (successive filters containing liquid absorbents or silica gel) were used.
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DISCUSSION

UV spectrophotometry has been applied to the determination of micro-
amounts of pesticides in waters, soils, vegetables and some food products. The use of
UV spectrophotometry permits the identification of the products of pesticide trans-
formations in living organisms and the environment and provides information on the
processes of pesticide photolysis in the biosphere, because the presence of maxima in
the UV spectra indicates the capacity of the molecules to be excited and to undergo
specific reactions when UV irradiated.

From Table II it can be seen that maxima at 233- 255 and 272-280 nm are a
peculiarity of the absorption spectra of thiocarbamate derivatives. The absorption
spectrum of tetramethylthiourea, with 4, = 255.5nm (¢ = 17,000 mol~! cm ™!), is
the result of the effect of conjugation between the thiocarbonyl group and free pair of
electrons on the adjacent nitrogen atoms. The presence of an intense maximum at
246-247 nm (¢ = 1600-10,500 | mol~! cm ') is an absorption peculiarity of urea
derivatives. The UV spectra of ether arylcarbamate had an intense maximum near
236-241 nm. These maxima are conditioned mainly by the change in the electrons in
the aromatic ring. The limit of detection of the pesticides by spectrophotometry is
0.5-5 mg m~3, as shown in Table II. The sensitivity of the spectrophotometric
method thus satisfies the requirements for methods for the analysis of air in working
zones, but its practical application is often limited because of the difficulty of the
separate determination of the components of some airborne combinations, the
maxima of which coincide or are close together.

For establishing the possibility of separating pesticides with similar structures,
TLC was cxamined. The dependence of the chromatographic parameters on the
chemical structure of molecular combinations studied and on the sorbent and the
mobile phase was investigated. In TLC using n-hexane with thin layers of aluminium
oxide and silica gel KSK the mobilities of asulam, betanal, benleite, carbyne, 1FC,
chlor-1FC, yalan, roneet, tillam, vernam and sutan are zero or nearly zero. In chro-
matography with mobile phases containing n-hexane, the R, value increases as a
function of the extent of blocking of the active centres of the adsorbent by the
components of the mixture. As chloroform and benzene have specific interactions
with the adsorbent, competing with interactions of the adsorbed compounds, the Ry
values of pesticides are higher in chloroform and benzene than in n-hexane. The Ry
values increase considerably when diethyl ether is added to the solvent system, owing
to a strong specific interaction between the ether and the adsorbent. The optimum
conditions for separating some arylcarbamate derivatives (carbyne, IFC, Chlor-1FC
and their aniline and m-chloroaniline metabolites) and thiocarbamate derivatives
(roneet, tillam, sutan and yalan) were determined. Asulam, betanal and benleite have
R; values of zero or nearly zero under the selected conditions. The detection limit is
0.1 mg m~? (refs. 12-16).

Thiocarbamate derivatives with similar structures, e¢.g., vernam, sutan and
tilam, cannot always be separated and identified reliably. GLC was used for this
purpose. The optimum conditions for separating six thiocarbamates were obtained
by using a TID with 5%, DC-550, 5%, XE-60 and mixed 5% SE-30-5%, XE-60 (1:1)
as the stationary phase. From the data in Table IV, it can be seen that the best
separations of sutan and vernam and of vernam and tillam are achieved on the mixed
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TABLE V
CONDITIONS OF AIR SAMPLING FOR SOME PESTICIDES

Pesticide Aggregate Adsorbent Sampling Investigated
state rate air volume

(I min™') (0

Benleit Acrosol AFA-KhA 5 200
Carbyne Aerosol AFA-KhA 5 20
IFC Aerosol AFA-KhA 5 40
Chlor-IFC ~ Aerosol AFA-KhA 5 40
DCM Aerosol +  Ash-free filter paper 5 20
vapour Acetone 0.3-0.5 10
Vernam Acrosol + AFA-KhA + liquid absorber (acetone) 1 1
vapour
Roneet Aerosol +
vapour AFA-KhA 2 10
Tillam Vapour Silica gel (or acetone) 0.3-0.4 10
Aerosol AFA-KhA 3-5 10
Eptam Aerosol +  AFA-KhA + liquid absorber (n-hexane) 0.4 10
vapour
Aerosol AFA-KhA 3-5 10
Yalan Aerosol Glass-wool;
AFA-KhA 5 10

column, and of tillam and yalan and of yalan and roneet on DC-550. The limits of
detection of thiocarbamate pesticides in air are 0.02-0.2 mg m~>.

Studies of the air sampling conditions showed that pesticides that occur as
aerosols are satisfactorily absorbed by the AFA-KhA and AFA-V ash-free filter-
papers. The AFA-KhA filter can be used for vapour sampling when the pesticide
concentration is not higher than 5 mg m™3. The results showed that when sampling
air containing high-volatility pesticides (e.g., vernam and eptam), two or three AFA-
KhaA filters have to be used when the concentration is higher than 50 mg m 3. When
the concentrations are higher than 100 mg m~3 a control absorbing apparatus with a
liquid absorber must be connected in series with the filter holder. Table V lists the
conditions of air sampling for some pesticides.

Table VI gives the results of pesticide detection by different methods.

TABLE V1
RESULTS OF DETERMINATION OF SOME PESTICIDES BY DIFFERENT METHODS

Initial concentration: 2 MAC; number of determinations is 6-10; all values are within a 95 % confidence
limit.

Pesticide Recovery (%) Pesticide Recovery (%)
UV spectro- TLC TLC GLC
photometry
Betanal 91 + 55 90 + 5 Vernam 89 + 10.8 90 4+ 2.5
Carbyne 97.2 + 3.5 94 + 11 Sutan 70.2 + 5.5 845 &+ 4.8
IFC 89.8 + 39 89 4+ 139 Roneet 87 + S 88.5 + 3.4
Chlor-IFC 94.5 + 4.0 90 + 12.5 DCM 88 + 11.5 92 + 56
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In conclusion, it appears that the individual pesticides in air can be detected by

UV spectrophotometry with high sensitivity. TLC and GLC are effective in separal-
ing mixtures, and the combination of these methods makes it possible for the in-
vestigated compounds to be identified.
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SUMMARY

Series arrangement of polar and non-polar liquid stationary phases (30 cm of
109% SP-1000 on 80-100-mesh Chromosorb W DMCS, followed by 350 cm of 109
OV-1 on the same support) were used for the complete resolution of the trihalometh-
anes CHCl;, CHBrCl,, CHBr,Cl and CHBrj5, formed in drinking water facilities by
the action of the chiorine used as a disinfectant. Other halocarbons (CCl,=CH,,
CH,Cl,, CHCl,CH,, CCI;CH;, CCl,, CHClI=CCl,, CCl,=CCl,) not formed
during chlorination but coming from polluted water sources, which interfere in the
analysis of trihalomethanes due to peak overlap, can be separated with the same
column arrangement, and are eluted in the order listed. Homogeneously mixed col-
umns with similar polar-non-polar liquid phase ratios were also tested but showed
lower resolving powers and required a more complex preparation method.

A headspace extraction technique and a 83Ni electron-capture detector were
used for quantitation. With proper temperature programming of the column, gas
chromatographic analysis could be completed within 30 min, making this technique
suitable for the rapid screening of large numbers of samples coming different water
supplies in order to monitor the quality of community drinking water. Lack of inter-
ferences between the halocarbon peaks and those of commonly used liquid-liquid
extraction solvents (n-pentane, n-hexane, isooctane) makes the proposed column also
suitable for liquid exchange based trihalomethane extraction techniques.

INTRODUCTION

Chlorine has been used as a disinfectant for drinking water supplies for several
decades, and until fairly recently its use has never been questioned. In 1974 it was
reported’? that chlorine reacts with organic precursors occurring in raw water to
produce a potential carcinogen, chloroform (CHCl,), together with other trihalometh-
anes (THMs): CHBrCl,, CHBr,Cl and CHBr;*%. In addition, the increasing use of

0021-9673/82/0000-0000/$02.75 (© 1982 Elsevier Scientific Publishing Company
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chlorinated hydrocarbons in industrial solvents increased the possibility of pollution
of rivers, lakes and well waters with halogenated compounds that cannot be easily
removed during standard purification treatments.

Many analytical methods have been suggested for the determination of THMs
in drinking water, and EPA official methods are also available. Method 501.17 is a
procedure for the analysis of THMs by the purge and trap technique while method
501.28 is based on liquid—liquid extraction. Headspace techniques®'® with manual or
automatic sampling was found to be a useful method for the rapid screening of large
numbers of water samples from different supplies, in order to monitor the quality of
community drinking water utilities. The simplicity of the manual headspace extrac-
tion technique and its easy application by different laboratories was the reason for the
choice of this method for the wide monitoring of the concentration of THMs in the
water systems of various Italian towns, sponsored by the Italian Public Health Min-
istry and the Istituto Superiore di Sanita, Rome. All of the laboratories involved used
the technique fully described in refs. 14 and 17 and the results will be published
officially in the near future.

Owing to the possibility of halocarbons other than THMs from chlorination
that could be present in raw waters, and which have identical retention times on a
particular column, two liquid stationary phases were chosen for use in combination:
OV-101 (non-polar methylsilicone) and SP-1000 (polar polyethylene glycol Car-
bowax 20M plus terephthalic acid). Table I shows the McReynolds constants'® of
these two phases and of similar columns previously used for the separation of chlori-
nated hydrocarbons®!#:17:1929 " which lie near to the opposite extremes of the
McReynolds polarity scale.

TABLE ]

McREYNOLDS CONSTANTS OF NON-POLAR AND POLAR LIQUID STATIONARY PHASES
USED FOR GC SEPARATION OF THMs

Stationary McReynolds constants Ref.
phase B

A7 af a4 a7 a7

benzene  butanol  2-pentanone  nitropropane pyridine

(x') (¥') {z") (v} (s')
Squalane 0 0 0 0 0 28
SE-30 15 53 44 64 4] 25
OV-1 16 55 44 65 42 17,23,24
OV-101 17 57 45 67 43 21,26
SP-2100 17 57 45 67 43 14,28
Apiezon L 32 22 15 32 42 19
Di(2-ethylhexyl) sebacate 72 168 108 180 123 15
OV-11 102 142 145 219 178 28
OV-17 119 158 162 243 202 26
Tricresyl phosphate 176 321 250 374 299 22
0OV-210 146 238 358 468 310 25
Carbowax 20M 322 536 368 572 510 25,27,22
Carbowax 1500 347 605 418 626 589 14
SP-1000 332 355 393 583 546 17.28,29
FFAP 340 580 397 602 627 17,25,27

TCEPE 526 782 677 920 837 20
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Injection of the sample on both columns was necessary because the non-polar
phase could not separate 1,2-dichloroethane from carbon tetrachloride or trichloro-
ethylene from dichlorobromomethane, and the polar phase showed identical reten-
tiontion times for carbon tetrachloride and 1,1,1-trichloroethane. As a consequence,
the advantage, in terms of analysis time, due to the rapid injection technique of the
headspace method was lost owing to the need to repeat the analysis on two columns.
When a dual-column instrument with two electron-capture detectors (ECDs) is
available, simultaneous analyses could be accomplished on the two columns mounted
in parallel, but this solution is expensive, as two complete analytical lines are neces-
sary (ECD, amplifier, recorder and data system), and some correction factors have to
be taken into account because two samples are extracted from two different vials, and
the standing currents of the ECDs may be different on the two sides of the instrument.
When a parallel arrangement of the two columns is not available, a complete set of
analyses has to be repeated on the polar column, installed in the oven to replace the
non-polar column, and additional time is lost waiting for ECD stabilization.

Therefore, a method was developed which, by using a polar and a non-polar
column mounted in series and connected to a >Ni ECD, permitted the separation, by
temperature programming, of all of the halocarbons that could be present in the
samples.

Pre-columns were previously used in the purge and trap method?® but they
were filled with a higher concentration of the same phase used in the main column,
and did not change the order of elution of the compounds. A small amount (0.1 %) of
Carbowax 1500 was also mixed with the 20 %, of the main liquid phase SP-2100'*, and
probably had the function of a tail reducer. A mixed phase typically tailored for
pesticide analysis (6%, OV-210 + 4% SE-30) has also been used®>.

EXPERIMENTAL

The headspace technique described in refs. 14 and 17 was used with some
modifications. Screw-capped vials of volume 40 ml with PTFE-faced septa, washed
with distilled water and methanol and dried overnight at 200°C, were used; the caps
and septa were washed with light petroleum and dried overnight at 80°C; laboratory
glassware was washed with distilled water and methanol and dried at 300°C.

The addition of sodium chloride to the standards and to the samples that had
to be analysed immediately was effected by adding 4 ml of 409, sodium chloride
solution in doubly distilled water to each vial before the final drying at 200°C. This
procedure removed all traces of organic substances and avoided contamination due
to salt addition during the sample pick-up. This procedure was not followed during
the preparation of samples that had to be analysed 24 and 72 h after sampling in order
to study the formation of THMs due to long contact of precursors with free
chlorine3®, because of the influence of sodium chloride and its impurities on the
formation of bromine derivatives. Sodium thiosulphate solution (ca. 150 mg/l) was
added to remove residual chlorine immediately after sample pick-up (for samples that
had to be analysed at time zero) and before analysis (for samples analysed after 24
and 72 h). The vials were completely filled with the sample, tightly sealed and stored
in the dark at 15°C.

Before analysis, 5 ml of water were removed from each vial in order to create
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the headspace volume, and the samples were thermostated at 30°C for 1 h in a water-
bath. The injections (200 ul) were made by using 250-u] Hamilton gas-tight syringes.

Stainless-steel columns (3 m x £in. O.D.) were used at 60°C for the isothermal
analysis on polar and non-polar stationary phases (10 % of SP-1000 and 109, of OV-1
on Chromosorb W DMCS, 80-100 mesh). Mixed columns were prepared by homoge-
neously mixing suitable amounts of the packings. Series arrangements of the two
phases were accomplished by filling a single column with different lengths of the two
coated supports or by using separate columns connected by means of standard
Swagelock unions (1/8 in. to 1/8 in., stainless steel). The resulting small dead volume
between the two columns could be reduced by drilling a hole with the same diameter
as the tubing through the union, and facing the two columns closely end-to-end. The
effect of this volume reduction on the plate height was negligible for total column
lengths greater than 1.5 m.

A Varian 3700 gas chromatograph, equipped with a *Ni (8 mCi) ECD was
used for experiments with mixed columns and linear temperature programming. Iso-
thermal analysis with a parallel column arrangement was also carried out with a
Varian 660 dual-column, dual-ECD (250 mCi tritium each) gas chromatograph.
Quantitative analysis was accomplished by manual integration or by using Varian
CDS-111C and Vista 401 data systems. The external standard technique, by injection
of the headspace volumes from vials with known contents of each halocarbon, was
used for calibration.

RESULTS AND DISCUSSION

The choice of the optimum ratio between polar and non-polar stationary
phases in the column was made on the basis of the retention times obtained on
columns filled with the two phases (109 each). Table 11 shows adjusted retention
times, fg, on pure OV-1, pure SP-1000 and 1:1 mechanically blended packings. The
widely accepted hypothesis that this type of mixed-bed packing yields retentions that
are linear as a function of column composition®! was confirmed to a reasonable

TABLE 11

ADJUSTED RETENTION TIMES, #; (min), OF HALOGENATED COMPOUNDS ON PURE OV-I,
PURE SP-1000 AND 1:1 MIXED PHASES

Temperature, 60°C; carrier gas flow-rate, 25 cm>/min.

Compound ov-1 SP-1000 OV-1-SP-1000
(1:1)
Methylene chloride 2.32 5.85 4.10
Chloroform 4.1 11 7.6
1,1,1-Trichloroethane 5.4 4.1 4.6
Carbon tetrachloride 6.4 4.1 5.0
Trichloroethylene 8.3 9.0 8.3
Dichlorobromomethane 8.3 28.4 18.8
Dibromochloromethane 16.6 81.1 47.2
Tetrachloroethylene 20.1 11.1 14.7

Bromoform 29 184 100




GC OF HALOCARBONS 267

extent, because the f; values obtained on the mixed column are near to the straight
lines connecting the ; values given by the pure packings in separate columns. Mech-
anically mixed columns having different polar—non-polar ratios permitted a more ac-
curate dependence of the retention on column composition to be calculated, which is
reported as retention relative to trichloroethylene (r) in Fig. 1. The relative retention
values are independent of small changes in carrier gas flow-rate and temperature, and
therefore permit an easier comparison of results obtained with different columns,
showing that complete separation of the considered compounds is impossible with
either pure stationary phase, because of overlapping of some peaks, whereas complete
resolution may be obtained by using a suitable mixture of the two packings.

CHBr3
34

CClp=CCly
Cy CHQIBry

(HisBr
CClp=CHC
CCI% 2
% CHa-CQt
o e __|CHC43 3
CHoClo

1 i % L 1 1 1 1 J. 1
10 20 30 40 50 60 70 80 SO
100 % SP-1000 100% OV-1

Fig. 1. Relative retention (r) with respect of trichloréethylene as a function of column composition.rData
for pure SP-1000, pure OV-1, a 1:1 mixture and a 1:10 mixture were obtained experimentally. Lines are
interpolated.

In order to obtain both complete resolution and short analysis times, mixed
stationary phases with a large excess of non-polar OV-1 were preferred. In this situa-
tion, mechanical mixing would ensure a homogeneous distribution of the two phases
along the column only after prolonged, vigorous shaking. As this could crush the
packing particles with adverse effects on its mesh size distribution, surface deactiva-
tion and impregnation, the series arrangement of two separate columns may be used.

When series-connected columns are used instead of homogeneously mixed pack-
ings, the effect of the upstream column is incredased, because it operates between the
iniet pressure, P;, of the system and the pressure at the connection point, P, which
differs from the oulet pressure owing to the flow resistance of the downstream
column. It was shown3? that the contribution of the upstream column to the total
retention time is equivalent to the values measured when the same column is operated
alone between P; and P,. The results therefore differ, depending on the order of
installation of the two columns, as shown in Table 111, where the values of r obtained
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with direct and reversed connection of 30 cm of polar and 300 cm of non-polar
column are given. Resolution values, calculated as R = 2 df(w, + w,), where d'is the
distance between the tops of two consecutive peaks and w, and w, are their base
widths, are also reported and show that the best result is obtained when the polar
section of the column is upstream.

TABLE 111

RETENTIONS RELATIVE TO TRICHLOROETHYLENE (r) OF HALOGENATED COMPOUNDS
ON PURE STATIONARY PHASES AND HOMOGENEOUSLY MIXED (1:1) AND SERIES (10:1)
COLUMNS

Resolutions, R, are also reported (for series arrangement with non-polar and polar columns, respectively,
upstream) between each peak and the following peak. Temperature, 60°C.

Compound ov-1 ‘SP-1000 OV-1-SP-1000 OV-1-SP-1000 (10:1)
OV-1 upstream  SP-1000 upstream
(1:1)

¥ r r r R r R
Methylene chloride 0.28 0.65 0.50 0.33 5.0 0.33 3.25
Chloroform 0.49 1.23 0.91 0.54 1.6 0.54 0.38
1,1,1-Trichloroethane 0.65 0.45 0.55 0.63 1.1 0.63 1.30
Carbon tetrachloride 0.77 0.45 0.60 0.74 2.15 0.74 2.27
Trichloroethylene 1.0 1.0 1.0 1.0 0.72 1.0 1.66
Dichlorobromomethane 1.0 3.15 2.26 1.15 5.49 1.23 5.43
Dibromochloromethane 2.0 9.01 5.68 227 0.076 2.72 7.4
Tetrachloroethylene 2.42 1.23 1.77 242 64 2.29 1.44 s}
Bromoform 349 205 12.04 516 — 5.48 -

By taking into account the different effects of the same column working at the
higher pressure of the upstream section, a small correction to the two lengths of the
polar and non-polar stationary phases should be applied, by increasing the non-polar
section. In order to avoid a time-consuming trial-and-error method, a window dia-
gram>?® was drawn by plotting as a function of the column composition the « values
for these of the [n!/2(n — 2)!] pairs of solutes that show peak interference. « was
calculated as

Ir v

J
oLy = — OF Qs = —
Jhi Ir. Jfi v

In Fig. 2, o is everywhere maintained greater than or equal to unity by inversion
where necessary of the //j assignment of each pair of solutes. Several windows (shaded
regions) formed by intersection of lines of « indicate the phase composition range
where the separation of a given pair can be achieved. On the basis of these results, a
column containing 0.7 % of SP-1000 and 9.3 9 of OV-1 should be the best choice in
order to obtain complete separation. This polar—non-polar ratio was achieved by
connecting 30 cm of 109, SP-1000 with 350 cm of 109 OV-1 or by filling a single
column with a mechanical mixture of 7 parts of the polar and 93 parts of the non-
polar phase. For both columns, the minimum of the HETP values of the Van



GC OF HALOCARBONS 269

A
«
6
3 —3
C
F
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2 — £ 5
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E D
1.0 L
100% SP-1000 50% 100% QV-1

Fig. 2. « values of solvent pairs that show interference as a function of mixed column composition. A,
Dibromochloromethane—tetrachloroethylene; B, tetrachloroethylene-dichlorobromomethane; C, chlorof-
orm-carbon tetrachloride; D, carbon tetrachloride-1,1,1-trichloroethane; E, chloroform-trichloroet-
hylene; F, chloroform-1,1,1-trichloroethane; G, trichloroethylene-dichlorobromomethane.

Deemter equation®*?> was found to lie in the nitrogen flow-rate range 16-20 cm?/
min, which agrees with those required for a satisfactory sensitivity of the ®*Ni ECD.

At 60°C, the resolution was practically the same on both series and mixed
phases having the same polar—non-polar ratio (Table IV). By increasing the temper-
ature in order to decrease the time of analysis, the best resolution was obtained for
the series arrangement at 7§°C, while the CHCl, =CHCI, and CHBr,CI peaks over-
lapped on the homogeneously mixed phase.

In order to compensate for the prevailing influence of the upstream polar
section in the series system, small variations of the composition of the mixed phase
were tested (Table IV). Mixed columns containing 9% of OV-1 and 19 of SP-1000
increased the resolution between CHCl,=CHCI, and CHBr,Cl, but yieclded very
close retention times for CHCl, and CCl;CHj;, which could not be separated when
one of the two compounds was in excess with respect to the other.

Therefore, the series arrangement gives better results than the theoretically
equivalent homogeneously mixed columns, as it permits, at any temperature, the
separation of THMs and other halocarbons (Fig. 3). Also 1,1-dichloroethane and 1,1-
dichloroethylene can easily be resolved (r = 0.38 and 0.24, respectively).

As the aim of this work was mainly the reduction of the analysis time, further
attempts in this direction were made by temperature programming. Fig. 3 shows the
chromatogram obtained with the best combination of the initial and final isothermal
temperature and programming rate, and Table IV shows the #; and r values. Tem-
perature programming could only be used with 3Ni ECD, because the baseline drift
of this detector with temperature was negligible with respect to the *H ECD. The rise
of the baseline during programming was small enough to permit easy quantitation
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with both manual and electronic (Varian CDS-111 C) integration. As the baseline
deviation is quite reproducible owing to the thermal stability of the liquid phase
used, it can easily be stored and substracted by suitable computer programs or by
using GC-dedicated data systems (Varian Vista 401 equipped with at least one floppy
disk drive unit); ten samplings per minute of the baseline level permitted nearly
complete suppression of the baseline deviations in the plotted chromatogram.

80
A A 7"
_/JK 7s°
\A Programmed temp.
123 a 5 6 7 8

min

Fig. 3. Chromatograms of THMs and other halogenated compounds on series columns (30 cm of 10 % SP-
1000 and 350 cm of 109, OV-1) at various temperatures. Carrier gas flow-rate, 18 cm?®/min. Temperature
programme: isothermal at 78°C for 9 min, then increased at 5°C/min to 110°C and held at this temperature
for 16 min. Peak numbers refer to Table I'V.

Some tests were also carried out to check if the suggested column system could
also be used for the analysis of THMs and other halocarbons with the liquid-liquid
extraction technique. The solvents generally used in this technique, n-pentane, n-
hexane?>-?? and isooctane?®, were injected together with a complete standard mixture
of the halocarbons listed in Table II. n-Pentane was eluted before all of the chlori-
nated compounds, n-hexane between methylene chloride and chloroform and iso-
octane between carbon tetrachloride and trichloroethylene.

Owing to the specific response of the ECD, peaks corresponding to the injec-
tion of 4 pl of hydrocarbons had the same shape and area as those due to the amounts
of halogenated compounds found in drinking waters, and little interference was
therefore found. Of course, liquid-liquid extraction requires “ECD pure” solvents,
and somc problems can be caused by the extraction of non-volatile ECD-sensitive
compounds present in the sample that are not detected with the headspace technique.

CONCLUSIONS

The suggested arrangement of polar and non-polar stationary phases, in con-
nection with a proper temperature programming, permitted the time needed for com-
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plete analysis of each headspace sample to be reduced to less than 30 min. This
increases the usefulness of the headspace technique for the rapid and wide screening
of water supplies in order to monitor the amount of THMs and other volatile halo-
carbons. The columns and conditions described also permit the analysis of samples
with the liquid-liquid extraction technique.

The series configuration is more efficient than a homogeneously mixed column
with a similar polar—non-polar ratio, as the upstream position &f the polar phase
assures that its effect predominates during the initial isothermal stage of temperature
programming, thus enhancing the resolution of low-boiling compounds. Small ad-
justments of the retention times of some peaks in complex mixtures can be obtained
by slightly changing the length of the polar section, whereas a cumbersome trial-and-
error method must be used for satisfactory modification of the homogeneously mixed
columns.
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SUMMARY

Benzethonium chloride (I), used as a detergent, disinfectant and phar-
maceutical preparation, was determined by gas-liquid chromatography of the reduc-
tion product obtained by treatment with sodium borohydride and nickel(1I) chloride.
The reduction product of 1 was identified as 2-{2-[p-(1,1,3,3-tetramethylbutyl)-
phenoxylethoxy }ethyldimethylamine by mass spectrometry, nuclear magnetic reso-
nance spectroscopy and elemental analysis. In the reduction, the benzyl group of I
was eliminated as toluene. The procedure is suitable for the assay of 10-100 ug/mi of
aqueous preparations of I, and useful for the routine analysis of I, as the reduction
takes place quantitatively, the reagents are relatively safe to handle and there is no
need for complicated apparatus such as in catalytic hydrogenation.

INTRODUCTION

During studies on the determination of quaternary ammonium compounds, we
have studied the determination of benzethonium chloride, used as a detergent, dis-
infectant and pharmaceutical preparation, by gas-liquid chromatography (GLC).
The analysis of benzethonium chloride has previously been performed by spectropho-
tometry'™!, titrimetry'??8, gravimetry'!'>?! and thin-layer chromatography??.
The disadvantage of these methods is the lack of specificity for the determination of
benzethonium chloride. On the other hand, GLC of the benzethonium salt, which is
non-volatile, has previously been carried out by a thermal decomposition
method?®?%, and has not been used in quantitative analysis because of the appear-
ance of multiple peaks and the poor response.

In previous papers, we reported that cationic surfactants based on N-alkylpyri-
dinium salts®>* and N-alkyldimethylbenzylammonium salts*® could be determined by
GLC of their reduction products obtained by reduction with a mixture of sodium
borohydride and a transition metal salt, e.g., nickel(IT) chloride. This paper deals with
the GLC determination of benzethonium chloride by use of the reduction system of
sodium borohydride (NaBH,) and nickel(IT) chloride (NiCl,).

0021-9673/82/0000-0000/302.75 © 1982 Elsevier Scientific Publishing Company
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EXPERIMENTAL

Apparatus

GLC was carried out with a glass column (1 m x 0.3 cm 1.D.) on a Hitachi
Model 073 gas chromatograph equipped with a hydrogen flame-ionization detector
(HFID). Mass spectrometry was performed on a JEOL JMS-D300 mass spectrome-
ter. Nuclear magnetic resonance spectroscopy (NMR) was carried out with a Hitachi
Model R-20 (60 MHz) instrument.

Materials

All chemicals were of analytical-reagent grade. Freshly distilled diethyl ether
was used in the extraction of the reduction products.

Benzethonium chloride (I) was commercially available.

Synthesis of 2-{2-[p-(1,1,3,3-tetramethylbutyl!)phenoxyjethoxy}ethyldimethylamine
(11) from 1 by the NaBH,—NiCl, reduction system

I(4.48 g, 0.01 mol) and NiCl, - 6H,0(2.38 g, 0.01 mol) were dissolved in meth-
anol (300 ml). To the solution was added NaBH, (18.9 g, 0.5 mol) in small portions
at 25°C with stirring, which was continued for 1 h at room temperature. A black
precipitate was formed and hydrogen was evolved. The precipitate was filtered off and
washed with methanol, and the filtrate and the washings were combined and con-
centrated to one third of the initial volume under reduced pressure. To the residue
was added water (50 ml) and the mixture was extracted with n-hexane (three 50-ml
volumes). The n-hexane layer was dried over sodium sulphate and evaporated to
dryness. The resulting residue was distilled under reduced pressure to give a colour-
less oil, b.p. 168-181°C/4 mmHg, in 82.7% yield. Elemental analysis: Calculated for
C,,H;50,N, C 74.72, H 10.97, N 4.36 %; found, C 74.42, H 11.11, N 4.399%,.

Detection of toluene in the reduction of I with the NaBH ,—NiCl, system

To a vial (5 ml) was added an aqueous solution (1 ml) of I (100 ug) and 0.02 M
NiCl, (0.5 ml). The vial was sealed tightly with a double rubber stopper. The air phase
was removed with a syringe, and then to the vial was added 2.6 M NaBH, (0.5 ml)
with the syringe through the double rubber stopper. After 5 min, the gas (2 ml)
generated together with hydrogen in the vial was withdrawn with a syringe, and
mjected into the gas chromatograph. GLC was carried out under the following con-
ditions: (A) a glass column (2m x 0.3 cm 1.D.) packed with 259/ silicone DC550 on
C-22 (40-60 mesh) at 120°C with a nitrogen flow-raie of 30 mi/min, an injection port
temperature of 170°C and attenuation 10°> x 8); (B) the same sized column packed
with 259 PEG 6000 on Chromosorb W AW DMCS (60-80 mesh) at 90°C with a
nitrogen flow-rate of 30 ml/min, an injection port temperature of 150°C and attenu-
ation 10 x §&. The volatile compound was identified as toluene by comparing its
retention time in GLC with that of an authentic sample. The retention time was 4 min
(A) and 4.6 min (B).

Reduction of I with the NaBH,—NiCl, system on the gas—liquid chromarographic scale
To an aqueous solution (1 ml) of 1 (10-100 ug) was added 0.02 M NiCl, (0.5
ml) and 2.6 M NaBH, (0.6 ml) with stirring. The mixture turned black and hydrogen
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was evolved. The mixture was allowed to stand for | h at room temperature, and was
then extracted with diethyl ether (four 2-ml volumes). The combined organic layer
was dried over sodium sulphate, acidified with a few drops of acetic acid and evap-
orated to dryness under reduced pressure. The residue was dissolved in ethyl acetate
(200 ul) and 1 pl of the solution was injected into the gas chromatograph.

GLC was performed on a glass column (1 m x 0.3 cm I.D.) packed with 59
potassium hydroxide plus 5% PEG 20M on Chromosorb W AW DMCS (60-80
mesh) at 200°C with a nitrogen flow-rate of 50 ml/min, an injection port temperature
of 250°C and attenuation 1 x 8. The internal standard was 0.01 % anthracene.

Influence of the amount of NaBH, on the reduction of I with the NaBH ,—NiCl, system

An aqueous solution (1 ml) of I (1 mg; 2.2 umol) was treated with 0.33 ml (6.6
umol) of 0.02 M NiCl, and different amounts of 2.6 M NaBH, (aqueous solutions of
110, 220, 440, 660, 880 and 1100 umol) at room temperature for 1 h. The resulting
reduction product was subjected to GLC as described above.

Influence of the amount of NiCl, on the reduction of I with the NaBH,—NiCl, system

An aqueous solution (1 ml) of I (1 mg; 2.2 umol) was treated with different
amounts of 0.02 M NiCl, (aqueous solutions of 1.1, 2.2, 4.4, 6.6, §.§ and 11.0 umol)
and 2.6 M NaBH, (0.42 ml) at room temperature for 1 h. The resulting reduction
product was examined by GLC as described above.

Rate of reduction of I with the NaBH,—NiCl, system

An aqueous solution (1 ml) of I (1 mg; 2.2 umol) was treated with 0.02 M NiCl,
(6.6 umol; 0.33 ml) and 2.6 M NaBH, (1.1 mmol; 0.42 ml) at room temperature for
various times (15 min, 30 min, 1 h, 2 h and 3 h). The resulting reduction product were
examined under GLC conditions as described above.

RESULTS AND DISCUSSION

Previously we have reported that the reduction of N-alkylpyridinium salts
(detergent and disinfectant) and N-alkylbipyridylium salts (herbicide) with NaBH,
alone gave the corresponding cyclic tertiary amines?>?’ containing a few double
bonds, but the reduction of these quaternary ammonium salts with NaBH, and NiCl,
afforded the corresponding expected reduction products, viz., N-alkylpiperidines??
and N-alkylbipiperidines?®-2°. Further, we have observed?® that N-alkyldimethylben-
zylammonium chloride (benzalkonium chloride: detergent and disinfectant) could not
react with NaBH, alone, but treatment of the ammonium chloride with NaBH, and
NiCl, gave N-alkyldimethylamine with reductive elimination of its benzyl group.
Using a similar procedure to that reported previously, the NaBH,—NiCl, reduction
system was applied to the GLC determination of benzethonium chloride (I). The
reduction product (II) thus prepared by treatment of I with NaBH,—NiCl, was chro-
matographed in a glass column packed with 5% potassium hydroxide plus 5%, PEG
20M on Chromosorb W AW DMCS at 200°C. As shown in Fig. 1, II is readily
detected as a symmetrical peak.

Satisfactory separations were achieved on an alkaline column such as 5%
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Fig. 1. Gas chromatogram of the hydrogenated product (1I) derived from benzethonium chloride (1).
Internal standard (i.s.): anthracene.

potassium hydroxide plus 59, PEG 20M, but neutral columns such as PEGS, PEG
20M, SE-30 and OV-17 exhibited slight tailing under isothermal conditions.

The structure of the reduction product (I1) was clarified by an independent
synthesis in the following manner. When a large excess of NaBH, was added to a
methanolic solution of 1 and NiCl,, a black precipitate of nickel boride was im-
mediately formed, with evolution of hydrogen. The reduction of I proceeded
smoothly with the continuous evolution of hydrogen, and was complete in about 1 h
to afford the hydrogenated product (II), which was purified by distillation under
reduced pressure to give a colourless oil.

The mass spectrum of II exhibited a base fragment peak at #/e 58 due to the N-
dimethylaminomethylene and/or methylene oxyethylene ions, and also showed a
parent ion peak at m/e 321 and several fragment ion peaks as indicated in Scheme 1.

The proton nuclear magnetic resonance of Il in CDCl; exhibited —-C(CH,),
protons at 6 0.70 ppm (9H, singlet), C(CH;), protons at é 1.33 ppm (6H, singlet),
—(IJCH2 — protons at § 1.70 ppm (2H, singlet), -N(CH;), protons at § 2.26 ppm
(6H, singlet), -OCH,CH,O- protons at § 3.96 ppm (4H, multiplets), > NCH,CH,0-
protons at 6 2.25 ppm (2H, triplets) and é 3.65 ppm (2H, triplets), aromatic protons
at 0 6.82 ppm (2H, doublets) and é 7.26 ppm (2H, doublets), but not exhibited
protons due to the benzyl group.

Based on these results and elemental analysis, the reduction product was
identified as II.

The volatile compound generated together with hydrogen, except for 11, in this
reaction of 1 was identified as toluene by GLC using 25 %, silicone DC550 and 25%
PEG 6000 columns on the basis of the experiment carried out in a vial. This demon-



GLC OF BENZETHONIUM CHLORIDE 277

CH CH CH
fr3 13 Iy 3
CH,=C , CH3-?—CH=CE? or  CHy-CH=CH~C
cH, CH, CH,
m/e 57 m/e 83
CH_CH_N(CH,) *CH_CH,OCH..CH_N(CH,)
2%t 32 v 2H,OCH CH, 3’2
m/e 72 m/e 116
cH CH
cH_ =& 2 ocu.cut €2 0 0
. cHycHy S CH ,CH ,OCH ,CH, N (CH,) ,
cH,
m/e 161 m/e 250
Scheme 1.

strates that the reduction of I with NaBH, and NiCl, gave II with the release of a
benzyl group from the molecule, as shown in Scheme 2. Consequently, it is clear that
no methyl group is eliminated in this reduction. On the other hand, such a reduction
did not proceed on treatment of I with NaBH, alone. These findings are similar to
those of our earlier results®® relating to N-alkyldimethylbenzylammonium chloride.

CH CH CH
73 73 & 3
CH,-C- - -N-
3 CI: CH2 (I: OCHZCHZOCH2CH2 [? CH2—®
c1”

CH3 CH3 CH3
I
N1C12+NaBH4
CH CH
I3 13 3
CH,-C-CH_ - -
37 C 2 ? OCHZCHZOCH2CH2 ? + CH3
CH3 CH3 CH3
T
Scheme 2.

The conditions for the hydrogenation of I with NaBH, and NiCl, on the
analytical (GLC) scale were examined in its aqueous solution. As shown in Fig. 2, the
reduction of an appropriate amount of I (2.2 gmol in 1 ml of water), which cor-
responds to a high response in the determination, is dependent on the amount of
NiCl, in the presence of a large excess of NaBH, (1.1 mmol in 0.43 ml of water). The
hydrogenation of I to II proceeded quantitatively when more than 2.2 umol of NiCl,
(1.0 mol per mole of I) were used in the reduction system. In the presence of a definite
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Fig. 2. Influence of amount of NiCl, on reduction of 1 to 1l with the NaBH,~NiCl, system. Internal
standard (i.s.): anthracene.

amount of NiCl, (6.6 umol), the reduction was complete with amounts of NaBH, in
the range 111-1115 umol, as shown in Fig. 3. To avoid incomplete reduction, a large
excess of reducing agent, such as the combination of 0.5 ml (10 umol) of 0.02 M NiCl,
and 0.6 ml (1.56 mmol) of 2.6 M NaBH,, is advisable for the GLC analysis of 1. Fig. 4
demonstrates the hydrogenation under these conditions is complete within 1 h at
room temperature.
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Fig. 3. Influence of amount of NaBH, on reduction of 1 to Il with the NaBH,-NiCl, system. Internal
standard (i.s.): anthracene.

Fig. 4. Reduction of | with the NaBH,-NiCl, system. Internal standard (i.s.): anthracene.

The determination of 1 under isothermal conditions was performed by the
peak-height ratio method. The calibration graph for I (Fig. 5) showed good linearity
using anthracene as the internal standard.
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Fig. 5. Calibration graph for I. Internal standard (i.s.): anthracene.

The determination of I in several commercial preparations was carried out by
this GLC method with satisfactory results, as shown in Table 1.

TABLE I
DETERMINATION OF BENZETHONIUM CHLORIDE IN COMMERCIAL PREPARATIONS

Sample  Aqueous solution Recovery
No.x of benzethonium (%)
chloride (%, wiv)

1 10 91.3
2 10 97.4
3 4 91.4
* Samples: | = disinfectant; 2 = disinfectant containing 10 % alkyl allyl polyether

alcohol; 3 = gargle containing 0.47 ml/ml of ethanol and a flavouring.

CONCLUSION

The reduction of benzethonium chloride (I} with NaBH, and NiCl, proceeds
complete to afford 2-{2-[p-(1,1,3,3-tetramethylbutyl)phenoxylethoxy }ethyldimethyl-
amine (II) with the elimination of toluene, and I is readily determined by GLC of
the reduction product (II). The procedure is suitable for the routine assay (10-100
pg/ml of aqueous preparation) of I, as the reduction takes place cleanly in aqueous
medium at room temperature with easily handled reagents, without the need for com-
plicated apparatus such as in catalytic hydrogenation. Further, the procedure would
be applicable to the determination of other quaternary ammonium compounds in dis-
infectants and drugs.
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SUMMARY

Analytical and preparative gel chromatography have been used to separate
oligosaccharides up to a degree of polymerization of 60 (fractionation range 180—
10,000 daltons) using 40- and 47-um polyacrylamide gel particles, respectively. Pack-
ing materials were obtained from commercial gels (Bio-Gel P-4 and P-6, — 400 mesh)
by an elutriation procedure. Columns were run at 60°C with water as eluent. The
separation method has been applied to mixtures of malto-oligosaccharides, branched
polymaltotrioses and xylo-oligosaccharides.

INTRODUCTION

Chromatography on polyacrylamide gel is one of the major analytical tech-
niques for the separation and analysis of oligosaccharides. One of us previously
described a method of fractionating malto-oligosaccharides up to a degree of poly-
merization (DP) of 15 on a Bio-Gel P-2 column at elevated temperature':2. Several
reports on the fractionation of oligosaccharides®”, oligosaccharide alditols® and
uronic acid oligomers®-'° using this procedure have since been published. Chromato-
graphy on Bio-Gel P-4 has been used for structural studies of glycoprotein-derived
oligosaccharides!!'!2. Using polyacrylamide gels with different pore size, separations
of oligosaccharides up to DP 25 were achieved.

Studies on the carbohydrate moiety of glycoproteins or glycolipids and the
enzymic degradation of polysaccharides have made it necessary to introduce a gel
chromatographic method that yields effective analytical and preparative separations
of oligosaccharides containing more than 25 residues. We report here improved oligo-
saccharide separations up to DP 40 and 60 using carefully sized gel fractions of Bio-
Gel P-4 and P-6, respectively.

EXPERIMENTAL

Chromatographic conditions
Bio-Gel P-4 (—400 mesh) and Bio-Gel P-6 (—400 mesh) were obtained from"

* Present address: Max-Planck-Institut fiir Ziichtungsforschung, Abt. Scheli; D-5000 Kbln 30 (Vo-
gelsang), G.F.R.
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Bio-Rad Labs. Since small and uniform particle sizes lead to more efficient separa-
tions as predicted by theory!?, the gels were fractionated in warm deionized water (ca.
50°C) by repeated settling and decanting the fines until a sharp zone of settling gel
particles was attained. The elutriation procedure yielded mean particle sizes of the
Bio-Gel P-4 and P-6 fractions of 40 + 4 and 47 4+ 4 um, respectively. Prior to packing
the column, a 50% gel slurry was degassed under vacuum. The column packing
procedure was the same as described earlier®. In order to obtain a close gel bed, the
rigid Bio-Gel P-4 was packed at a flow-rate of 20 ml-cm ™ ?-h™'. With the softer P-6
gel only a slightly higher flow-rate than is to be used during operation should be
applied for column packing.

All experiments were carried out with one home-made and two commercial
columns. The column system for the Bio-Gel P-4 procedure consisted of two water-
jacketed Cheminert columns (LC-1-43; 109 x 2.54 cm 1.D.) connected in series with a
zero dead volume union, so that the gel bed was 201 x 2.54 cm 1.D. In order to avoid
additional peak broadening, low dead volume connections (Cheminert fittings and
adapters; PTFE tubing, 0.3 x 1.6 mm) were used. The column used for the Bio-Gel
P-6 chromatography was similar to that described earlier?, except that the column
dimensions were 210 x 1.8 cm [.D. All columns were coated using a solution of 5%
dichlorodimethylsilane in n-hexane'“.

The columns were operated at 60°C with degassed water (80°C) as eluent. In
most experiments the flow-rate of the P-4 columns was 55 ml-h™' (= 1.4 bar) and of
the P-6 column 25 ml-h ™! (& 1.3 bar). Milton Roy minipumps were used for column
elution. The two Bio-Gel P-4 columns were eluted in an upwards—downwards direc-
tion. For long-term use of the Bio-Gel P-6 column, upward flow elution was found to
be advantageous. In order to obtain extreme purity of the water used as eluent, a
column (20 x 1.5 cm 1.D.; Econo-Column, Bio-Rad Labs.) filled with AG 50 1-X8D
mixed bed ion-exchange resin and activated charcoal (Bio-Rad Labs.) was fitted
between the pump and the eluent reservoir. The eluent was further filtered through a
0.8-um Milli-Fil filter unit (Type PF, Millipore).

In analytical runs 0.15-0.4 ml of a 1-2 9 aqueous solution was applied to the
columns via a septum injector. For preparative work samples of 30-80 mg of carbo-
hydrate were applied in 0.3-1.0 ml to the P-6 column, whereas 200-300 mg of carbo-
hydrate were loaded in ca. 2 ml on the P-4 columns.

The carbohydrates were detected by their absorbance at 420 nm after an
aliquot of the column effluent had reacted with orcinol-sulphuric acid reagent in an
automated analysis system?. The detector was assembled from modular components:
a peristaltic pump (Type PLG; Desaga, Heidelberg, G.F.R.), a 15-m glass reaction
coil in a 95°C heating bath (Haake N2B), and a photometer with a recorder. Glass
coils, fittings and acid-resistant pump tubings were obtained from Cenco or Tech-
nicon. In preparative runs the column effluent was passed through a refractive index
detector (Types 51.78 and 51.88, Knauer).

Preparation of oligosaccharides

Malto-oligosaccharides were obtained by partial acid hydrolysis of amylose
(potato type III, Sigma) under the following conditions: (A) 2 g of amylose were
dissolved in 100 ml of boiling water and 100 ml of hot 0.5 M sulphuric acid were
added. The resulting solution (0.25 M sulphuric acid) was kept boiling for exactly 13
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min on a magnetic stirrer. The hydrolysate was cooled in an ice-bath and was im-
mediately neutralized with solid barium carbonate, centrifuged and lyophilized. (B)
Partial acid hydrolysis of amylose was carried out under the conditions described
above with the exception that 100 mi of 0.25 M sulphuric acid were used (final sul-
phuric acid concentration 0.125 M).

Arabinoxylan from oat spelt (Roth, Karlsruhe, G.F.R.) was purified from
contaminating «-glucan (ca. 16 %) by successive treatment with x-amylase of Bacillus
subtilis and amyloglucosidase of Aspergillus niger (Boehringer, Mannheim, G.F.R.).
The glucan-free arabinoxylan was removed from the digest by precipitation with
ethanol (3 volumes), washed twice and lyophilized. The purified arabinoxylan was
suspended in warm water (ca. 60°C) and the soluble fraction was separated from
insoluble arabinoxylan by centrifugation. The soluble arabinoxylan fraction con-
tained 129, arabinose and 88 %, xylose and was used for the preparation of xylo-
oligosaccharides. The purified arabinoxylan was partially hydrolysed in boiling 0.125
M sulphuric acid for 12 min. The procedure was the same as described for amylose
under conditions B.

Branched polymaltotrioses were prepared by the action of pullulanase on pul-
lulan. The incubation mixture (5.0 ml; 30°C) contained 500 mg of pullulan (Sigma) in
50 mM acetate buffer (pH 5.0) and 5 units of pullulanase from Aerobacter aerogenes
(Boehringer). After incubation at 60 min the mixture was inactivated by heating,
centrifuged and lyophilized.

lodine staining of malto-oligosaccharides

Partial acid hydrolysates of amylose were prepared according to conditions A
and B and were mixed in the ratio 1:1. A 30-mg amount of this mixture was frac-
tionated on a column (210 x 1.8 cm L.D.) of Bio-Gel P-6. The column effluent was
monitored with a refractometer and fractions of 2.6 ml were collected. The fractions
were lyophilized and carbohydrates were dissolved in 200 ul of hot water. Iodine
solution (100 ul, 0.01 N) was added for staining.

Other methods

Mono- and oligosaccharides obtained from the partial acid hydrolysis of ar-
abinoxylan were identified as described’®. The acid hydrolysate of arabinoxylan was
also analysed by high-performance liquid chromatography (HPLC) on a column (90
x 0.9 cm LD.; 85°C) packed with Aminex 50W-X4 (Ca?*) (20-30 um)'S. The
column was eluted with water and the effluent was monitored by an automated
analysis system as described above.

RESULTS

Branched polymaltotrioses with a degree of polymerization ranging from 3 to
60 were separated on a Bio-Gel P-6 column within less than 20 h (Fig. 1). A good
resolution is achieved within a molecular weight range of 180-10,000, which is due to
a molecular weight difference of one trisaccharide unit. The oligomer series was
prepared by enzymic hydrolysis of pullulan, which is a linear «-glucan produced by
Pullularia pullulans and in which maltotriose and small amounts of maltotetraose
units are linked by 1,6-glycosidic bonds!’. The different polymaltotrioses were ob-
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Fig. 1. Chromatography of glucose, maltotriose and different a-1,6-linked polymaltotrioses on Bio-Gel P-
6. The column (gel bed, 197.6 x 1.8 cm 1.D.) was eluted at 60°C with water at a flow-rate of 25 ml-h~".
Sample size, 0.35 ml of a 2 % solution. Oligosaccharides were prepared as described in the text and glucose
was added as a marker. The numbers over the peaks indicate the DP.

tained by the action of pullulanase from Aerobacter aerogenes, which randomly
hydrolyses the a-1,6-glycosidic linkages in pullulan.

A plot of the negative logarithm of the distribution coeflicient (K,,) versus the
degree of polymerization of polymaltotrioses (Fig. 2) yields the expected linear rela-
tionship with an almost constant increment of 4—log K,, ~ 0.05 going from one
member in this series to the next higher member. The results of linear regression
analysis of —log K, versus DP are given in the legend of Fig. 2.

The well known reaction of amylose and its degradation products to produce a
colour with iodine has been studied extensively, but not many cxact data exist on the
effect of DP on colour formation. In order to demonstrate the effect of the chain
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Fig. 2. Plot of —log K, versus DP of «-1.6-linked polymaltotrioses. K, is defined as (V, — V)/(V, — Vo).
where V., ¥V, and ¥V, are the solute elution volume, void volume and total volume, respectively, of the gel
mass in the column. ¥, = 124.6 ml was determined by chromatography of dextran 500, Chromatographic
conditions as in Fig. 1. Linear regression analysis: slope, 0.0171; intersection with the ordinate, 0.0179;
correlation coefficient, 0.9999.
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length of malto-oligosaccharides on the colour of the carbohydrate—iodine complex,
two amylose hydrolysates with different oligosaccharide size distributions (prepared
according to conditions A and B) were mixed and fractionated on Bio-Gel P-6. Owing
to the small increase in molecular mass, retention data for malto-oligosaccharides
were obtained only for the first twenty members of this homologous series and sepa-
ration to the baseline was incomplete using this column. From the resulting elution
profile the K, values were calculated. Using the first twenty members of the oligo-
saccharide series, linear regression analysis was performed. The linear relationship
made it possible to calculate DP > 20 in this incompletely separated malto-oligosac-
charide series from the elution volume. After staining the separated malto-oligosac-
charides with iodine, the colour of the carbohydrate-iodine complex was correlated
with the appropriate DP (Table I).

TABLE 1

EFFECT OF CHAIN LENGTH OF MALTO-OLIGOSACCHARIDES ON THE COLOUR OF THE
CARBOHYDRATE-IODINE COMPLEX

Degree of Colour of carbohydrate— Wavelength of maximum
polymerization (DP) lodine complex absorbance, A, (nmj)*
2-18 None -

19-24 Brown 460 (23)

25-29 Red 505 (27)

30-38 Red-violet 515 (31)

39-46 Blue-violet 545 (41)
>47 Blue 562 (59)

* The wavelength was measured at the DP given in parentheses.

Fig. 3 illustrates the separation of different series of homologous oligosac-
charides on two coupled Bio-Gel P-4 columns. The lower chromatogram shows the
separation of an amylose hydrolysate. Optimal resolution was obtained up to a chain-
length of approximately 25 glucose units. With Bio-Gel P-4 columns branched poly-
maltotrioses were completely separated up to DP 40 (upper part of Fig. 3). Useful
elution profiles of both hydrolysates were also obtained in half the time (10 h) on
increasing the flow-rate to 100 ml- h™! (column pressure ca. 2.5 bar). In preparative
runs samples of 200-300 mg were fractionated on the coupled Bio-Gel P-4 columns
and no loss in resolution was observed. Refractive index detection was used for this
purpose. When the refractometer response measured as peak height is plotted as a
function of carbohydrate concentration the resulting calibration graph shows that
glucose and malto-oligosaccharides fall on the same line (data not shown).

Chromatography on Bio-Gel P-4 was used for the large-scale preparation of
linear xylo-oligosaccharides. An elution profile of a partial acid hydrolysate of ar-
abinoxylan is shown in Fig. 4. The arabinoxylan used in this study is characterized by
the presence of arabinofuranose side-chains, which are extremely susceptible to acid
hydrolysis. By mild acid treatment arabinose was completely removed from the
higher oligosaccharides (X,—X,). As can be deduced from the HPLC results shown in
the inset of Fig. 4, the di- and trisaccharide fractions contained mainly linear xylo-
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Fig. 3. Chromatography of oligosaccharides on Bio-Gel P-4. The upper figure shows the separation of «-
1,6-linked polymaltotrioses from an enzymic digest of pullulan. The lower figure shows the elution profile
of malto-oligosaccharides, which were obtained by partial acid hydrolysis of amylose according to con-
ditions A as described under Experimental. Gel bed, 201 x 2.54 cm 1.D.; column temperature, 60°C;
eluent, water; flow-rate, 55 ml-h~*. The numbers over the peaks indicate the DP.

oligosaccharides as well as minor amounts of arabinose-containing oligosaccharides.
Confirmation that all isolated oligomers (X,—X,) are f-1,4-linked was obtained by
degradation studies with highly purified -xylosidase and xylanase preparations. UV
spectra and enzymic degradation studies of the X, peak revealed that this fraction
contained lignin and small amounts of higher xylo-oligosaccharides.
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Fig. 4. Preparation of linear xylodextrins by partial acid hydrolysis of arabinoxylan and gel chromatogra-
phy of the oligosaccharides on Bio-Gel P-4. The inset shows HPLC results for the same sample. Acid
hydrolysis of arabinoxylan and peak identification are described under Experimental. Chromatographic
conditions as in Fig. 3. Peaks: Xyl = xylose; Ara = arabinose; X,, X;, X,, etc. = denote xylobiose,
xylotriose, xylotetraose, etc.; AX = L-arabino-D-xylose; AX, = arabinoxylobiose; X, = oligosaccharides
with DP > 50.
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DISCUSSION

We have performed oligosaccharide separations within a molecular weight
range of 180-10,000 using 40 + 4- and 47 + 4-um polyacrylamide gel particles with
an appropriate pore size as column packings. The packing materials were obtained
from commercial gels by an elutriation procedure.

Excellent separations of acetylated oligosaccharides containing up to 35 sugar
residues have been achieved by reversed-phase liquid chromatography on bonded-
phase silica'® using an acetonitrile gradient (10-70 %, acetonitrile) as the eluent. How-
ever, the solubility of higher oligosaccharides in aqueous acetonitrile decreases as the
DP increases and polysaccharides tend to bind irreversibly to the bonded phase
packings. HPLC on cation-exchange resins in the silver!® or calcium form?%-2° with
water as eluent has been used successfully for the separation of mono- and oligosac-
charides up to DP 15. For preparative purposes these HPLC techniques are not very
useful, because with large sample amounts the resolution begins to deteriorate signi-
ficantly, and hence long column lifetimes cannot be expected. Moreover, the cost of
preparative columns packed with a high-performance support will limit this tech-
nique to analytical use.

Although major efforts were made to advance HPLC for the analysis of oligo-
saccharides, gel chromatography has remained an important technique for separat-
ing and isolating large oligosaccharides. The advantage of the system described in this
paper over the many existing methods of analysis of oligosaccharide mixtures is the
capability of separating oligomers up to DP 60, and as water is used as eluent at 60°C
no solubility problems occur even with large oligomers. Moreover, the columns can
be used for both analytical and preparative runs. Further advantages of the Bio-Gel
techniques have been discussed earlier!-2. There is a disadvantage, however, in using
the soft Bio-Gel P-6, as it tends to collapse at too high column pressures and high
flow-rates should therefore be avoided.

The Bio-Gel P-4 columns have been used repeatedly for over 1 year and no
deterioration of column performance was observed. Further particle size reduction of
the relatively rigid Bio-Gel P-4 seems possible and would increase the column ef-
ficiency considerably.
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SUMMARY

Formaldehyde in air was analyzed by gas chromatography (GC) using instru-
ments equipped with thermal conductivity, flame-ionization and photoionization de-
tectors. A method of making formaldehyde standards in air, to calibrate the GC
system, was tested. The rate of polymerization increase in air, with increase in relative
humidity, was also determined. The application of the method to the determination
of formaldehyde desorbing from urea—formaldehyde foam and particle board is dis-
cussed.

INTRODUCTION

Formaldehyde (HCHO) is widely used in many industrial and domestic pro-
cesses such as adhesive manufacture, electroplating, fermentation, fireproofing
agents, pigment manufacture, for cotton durable press, preservatives for wool, syn-
thetic resins, mirrors, in the production of urea—formaldehyde foam, an anticoagu-
lant for natural rubber and in agriculture for the control of insects in fresh vegetables.
Formaldehyde in air polymerizes easily® to a linear polymer, HO(CH,O),H, but low
levels of formaldehyde could remain for some time. Because it may be a hazard to
human health, a level of 2 ppm has been set by AGGIH? as the TLV-TWA for an 8-h
exposure. To determine such low levels with accuracy and reliability, very sensitive
methods are required.

Methods currently available rely on large volumes, complex apparatus and
chemical reactions. The NIOSH** method requires a sample size of 6-25 1, a pro-
cedure involving several steps and elaborate apparatus. Methods using detector tubes
require sample sizes of 300-1600 ml for analysis in the 35-0.5 ppm range. A recent gas
chromatographic-mass spectrometric (GC-MS) method® determines formaldehyde
at the parts per billion level by trapping a formaldchyde—air mixture. In this method
cooling at —72°C is used for conditioning the trap and a temperature of 240°C is
required to release formaldehyde from the trap. Elaborate apparatus is also neces-
sary. As GC can provide direct methods for the determination of vapors, equipment
and procedures for the on-site determination of formaldehyde in a variety of environ-
ments were investigated and methods of analysis developed.

0021-9673/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company
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EXPERIMENTAL

For the direct determination of formaldehyde in air at parts per million levels,
GC was selected. For these GC determinations, three instruments with three different
detectors were used, but it was first necessary to develop methods for making precise
standards of formaldehyde in air.

These standards were generated from formaldehyde decomposed by heat on a
stainless-steel plate placed on a hot-plate. The stainless-steel plate was heated to
160°C and an inverted beaker placed on it so that small amounts of paraformal-
dehyde could be introduced and formaldehyde generated to produce a saturated
atmosphere. The size of the beaker was 10-100 ml, depending on the amount of
formaldehyde needed. The formaldehyde—air mixture was drawn from this space with
a syringe and injected directly into a gas chromatograph or into flasks of various sizes
for subsequent analysis. As formaldehyde is explosive in the range 7-73 % by volume
in air, precautions were taken to produce only small amounts of vapor on the hot-
plate and to provide adequate protection against flying glass in the event that an
explosion occurred. Another method for producing the vapors at a low concentra-
tion involved introducing 16-100 mg of paraformaldehyde powder into 12.7-1 flasks
and applying heat to the powder to release formaldehyde. The first gas chromato-
graph used for this part of the investigation was a Bendix Model 2300 with a flame-
ionization detector (FI1D) and a nickel column (2m x 3 mm [.D.) packed with Tenax
GC (35-60 mesh). At 40°C and a nitrogen flow-rate of 20 ml/min the retention time of
formaldehyde was 3.15 min. A sensitivity setting of 5- 1072 was used. By using the
FID the effect of time and concentration on formaldehyde vapor was tested by draw-
ing formaldehyde-air samples of 1-5 ml from various flasks at time intervals ranging
from | min to 60 days and then anaiyzed. Another factor affecting polymerization is
the relative humidity (RH), and this was also tested using GC with an FID. Levels of
30-70 and 75 9% RH were obtained by keeping the flasks in a room with a controlled
RH. The 10% RH air or nitrogen atmospheres were obtained by flushing the flasks
for 1 h with the respective gases from compressed gas cylinders and the RH was
determined by GC. Samples up to 5 ml were injected directly into the GC system. For
larger samples the trapping method previously described by Dumas® was used. For
the trapping of formaldehyde a tube (20 cm x 3 mm 1.D.) filled with Chromosorb
101 (60-80 mesh) was found to be effective. The trap was maintained at 25°C. Using
this method, 10-ml samples of formaldehyde-air mixture were analyzed by injection
into a trap at 25°C and placing the trap in the GC system, where formaldehyde was
released at 60°C.

A second gas chromatograph, a Bendix Model 2200 with a thermal conduc-
tivity detector (TCD), was also used with the same column to determine the air in the
formaldehyde—air mixture. The conditions used with this chromatograph were the
same as used previously except that helium was used as the carrier gas and the
retention time of formaldehyde was 2.7 min. The results were calculated with a
Hewlett-Packard Model 3380A integrator.

A third gas chromatograph with very high sensitivity and portable so that it
could be used for on-site analysis was also tested. This was the Photovac Model
10A 10 instrument, equipped with a photoionization detector and a 1.2 m x 3 mm
I.D. PTFE column packed with Carbopack BHT. A column temperature of 25°C
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and a carrier gas flow-rate of 12 ml/min in air (less than 0.1 ppm of hydrocarbon
impurities) was used. Under these conditions the retention time of formaldehyde was
3.6 min. Either a 100-mV recorder or a Hewlett-Packard 3380A integrator was used
to register the signal.

The desorption of formaldehyde from materials containing derivatives of this com-
pound were tested using the above methods. Desorbing vapors from urea—formal-
dehyde foam were determined from 2 1 (20 g) of foam placed in a 6-1 desiccator and
from 160 g of particle board placed in a 600-ml flask. Kitagawa and Driger glass
detector tubes were used to determine the formaldehyde content of the standards used
for calibration. In a published GC method?®, various concentrations of formaldehyde
in water were used as standards. To test such standards, a 379, formaldehyde solu-
tion stabilized with methanol was used to prepare dilute mixtures with water at
concentrations down to 0.03 %,. These mixtures were tested by titration” to verify the
actual concentration of formaldehyde.

RESULTS AND DISCUSSION

The possibility of preparing standards with low levels of formaldehyde in water
was tested and the results in Table I show the actual formaldehyde contents de-
termined by titration. The results for up to 100-fold dilution were close to the calcu-
lated amounts. For dilutions greater than 100-fold, the determined amounts were
higher, being as high as 0.048 9, at 1000-fold dilution when the calculated amount was
0.03%. This interference makes the use of these dilute mixtures unreliable as stan-
dards.

TABLE 1
FORMALDEHYDE CONCENTRATION IN SOLUTION DETERMINED BY TITRATION

Formaldehyde in solution (%)

Calculated Determined

37* 36.1
0.72%* 0.77
0.37%* 0.38
0.072%* 0.082
0.037%x 0.048
0.037** 0.042
0.037** 0.045

0.0185** 0.024

* 37% Formaldehyde solution stabilized with 13 % of methanol.
** Dilutions with distilled water.

The instability of formaldehyde vapor makes it difficult to prepare an exact
standard; however, at low levels, in air at levels of 120 ppm or less, the changes in
concentration after 48 h is not detectable and this allows a formaldehyde-air mixture
to be used as a standard for GC calibration.

Because paraformaldehyde decomposes at temperatures above 160°C to re-
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lease formaldehyde, this procedure proved a convenient means of producing a mix-
ture of formaldehyde in air. Table Il shows the effect of various conditions on form-
aldehyde concentration in air. On drawing 100 ul of formaldehyde-air mixture into
a syringe, after the first minute integrator counts of 82,686 for air and 42,000 for
formaldehyde were obtained. On holding for 5 min the 100 yl of formaldehyde-air
mixture in the syringe before injection, the counts were 134,000 for air and much
lower (1300) for formaldehyde. The same amount of 100 ul of air alone showed
134,000 counts. This demonstrates that saturated formaldehyde in air could not be
obtained because of its instability. By generating high levels of formaldehyde on the
shot surface from paraformaldehyde and injecting 100 ml from the trapped vapor
under the beaker into a 12.7-1 flask, a standard was obtained. On sampling this
standard after 6 days, 600 counts were obtained when 1 ml was injected into the gas
chromatograph. On testing this flask with the Kitagawa glass detector tubes 120 ppm
of formaldehyde was found, which corresponds to 150 ng/ml. Therefore, 1 ml con-
taining 150 ng gave 600 counts on the integrator. Using this relationship, counts were
converted into amounts of formaldehyde. The results for two 12.7-1 flasks, containing
16 mg of paraformaldehyde in one and 100 mg in another, are shown in Table II. The
paraformaldehyde was decomposed by heat, producing formaldehyde. The formal-
dehyde level in the flask with 16 mg of paraformaldehyde added at 709, RH, was 70
ng/ml after 1 day, and 55 ng/ml after 3 days. For the flask with 100 mg of para-
formaldehyde added, at 759 RH the values were 225 ng/ml and 13.5 ng/ml after 1
and 3 days, respectively. This shows a higher loss at the higher concentration of
formaldehyde.

The formaldehyde results for the 150-ml flasks at 10, 30 and 709, RH after 60
days showed that the remaining amounts of formaldehyde were becoming closer
together, 140, 110 and 80 ng/ml. This indicates that at a low concentration and after a
long time the rate of polymerization is very low, and the effect of RH is reduced.

The results in Fig. 1 show the effect of relative humidity and of formaldehyde
concentration on the rate of polymerization as a function of time. The conversion was
higher at the higher RH. This increases the rate of polymerization, especially in the
first few minutes when the formaldehyde concentration is higher. For the 500 pg/150
ml (3333 ng/ml) of formaldehyde flask applied in a 10 %, RH atmosphere, after 15 min
the concentration had fallen to 3000 ng/ml, where as at 70 9, RH it was much lower,
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Fig. 1. Formaldehyde concentration as a function of time. @.4.,4\, 500 ug of formaldehyde applied in a
150-ml flask with air; O, 500 ug of formaldehyde applied in a 150-ml flask with nitrogen; x, 100 ug of
formaldehyde applied in a 150-ml flask with air.
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600 ng/ml. After 6 days the amounts of formaldehyde were much lower and closer
together for all relative humidities with the same initial formaldehyde concentration.
Comparing the polymerization at 309, RH, for initial applicd amounts of formal-
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Fig. 2. Determination of formaldehyde using gas chromatograph with a photoionization detector. (A)
100-p1 sample from particle board stored in a 600-ml flask; (B) 500-ul sample from formaldehyde standard
in a 12.7-1 flask; (C) 100-u! sample from urea—formaldehyde foam stored in a 6-1 desiccator.
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dehyde of 500 and 100 ug in the 150-ml flasks, after 6 days both were closer together
in formaldehyde concentration. This indicates a continuous decrease in polymeriza-
tion rate. Also, the polymerization rate was shown to be a function of concentration,
time and relative humidity.

The desorption of formaldehyde from urea-formaldehyde foam was also
tested, by placing samples in a 6-1 desiccator for 6 months. Samples of 100 ul were
drawn by a syringe and injected into the Photovac gas chromatograph for analysis.
Fig. 2C shows the results for a 100-ul air sample from a 6-1 desiccator containing 2 1
(20 g) of urea—formaldehyde foam left for 6 months. The formaldehyde peak was at
3.64 min and there were also three other significant peaks, at 9.23, 17.39 and 20.36
min, which at present have been identified. The formaldehyde concentration for this
sample was 120 ppm. When no interfering components with retention times close to
3.64 min are present in the air, a 1-ml sample could be injected into the gas chromato-
graph and smaller amounts of formaldehyde could be determined. The sample in Fig.
2B, generated from paraformaldehyde in the 12.6-1 flask, produced the same two
peaks at retention times of 3.59 and 20.87 min, which indicates that the peak at 20.36
min is due to formaldehyde and not to other components. In Fig. 2A, the same two
peaks were also present for desorbed vapors from 160 g of particle board stored for
6 months in a 600-ml flask.

When formaldehyde-air standards of 55 ppm were analyzed using the FID, a
1-mi sample size produced a response of 286 counts on the integrator, but with the
photoionization detector only 0.03 ml was required for a response of 285 counts. The
photoionization detector has a higher sensitivity than the FID, but further studies,
using the concentration method previously described by Dumas®, which allows the
analysis of larger samples, should be conducted to increase the sensitivity further.
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SUMMARY

An improved, simple and rapid method for the determination of formaldehyde
and other aldehydes in automobile exhaust was developed. Sample collection and
derivatization are performed directly in a midget impinger containing an acetonitrile
solution of 2,4-dinitrophenylhydrazine and catalyst. This scheme eliminates the time-
consuming and lengthy recovery steps required in other procedures and allows direct
injection of an aliquot of the sample into a high-performance liquid chromatograph
for analysis. Detection limits for formaldehyde, acetaldehyde, acrolein and benzal-
dehyde are 20, 10, 5 and 4 ppb*, respectively, for a 20-i exhaust sample. The analysis
time is as short as 10 min if only formaldehyde and acetaldehyde are of interest. The
technique was used to measure aldehyde emissions from ethanol-, gasoline- and
diesel-fueled vehicles.

INTRODUCTION

Aldehydes are produced by many industrial processes and combustion sources,
including automobile engines. Formaldehyde and many of the other aldehydes are
known contributors to photochemical smog! and irritants of the skin, eyes and naso-
pharyngeal membranes?. Formaldehyde is postulated to react with ionic chloride
compounds in the air to produce bischloromethyl ether®#, a suspected carcinogen.
Studies conducted at the Chemical Industry Institute of Toxicology indicate an in-
creased incidence of nasal cancer in rats exposed to high concentrations (15 ppm) of
formaldehyde®. The current Occupational Safety and Health Administration
(OSHA) 8-h time-weighted average permissible exposure limit for formaldehyde is 3
ppm®. Therefore, because of the environmental importance of these compounds, a
sensitive and rapid technique for their determination in automobile exhaust is needed.

The two commonly used methods for the analysis of formaldehyde and other
aldehydes in automobile exhaust are the 3-methyl-2-benzothiazolone (MBTH) and
the 2,4-dinitrophenylhydrazine (DNPH) methods. The MBTH’ method is a non-

* Throughout this article, the American billion (10°) is meant.
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selective colorimetric method for low-molecular-weight aliphatic aldehydes. This
method measures total aldehydes in terms of their formaldehyde equivalents. The
method is insensitive to higher molecular weight and unsaturated aldehydes (e.g..
acrolein and benzaldehyde) and recently was shown to be subject to a 259 negative
interference from sulphur dioxide in automobile exhaust samples®.

In the DNPH method, individual aldehydes and ketones react with an acidic
solution of DNPH to form hydrazone derivatives as shown in eqn. 1:

R R
N/
c
Nia N
| |
NH NH

| | 5
-NOy,  § H* ~-NO2 ()
+ R-C-R1 —_— +H0

|
'\I‘oz where R or R1 can be H NO,

These derivatives are removed from the aqueous solution by filtration, extraction,
evaporation to dryness, and dilution in a solvent suitable for gas chromatographic
(GC)**! or high-performance liquid chromatographic (HPLC)'?*5 analysis.
Although the method separates the aldehydes and ketones and quantitates them
individually, the extensive sample preparation is time consuming, and sample re-
coveries for various aldehydes and ketones range from 60 to 85%,.

This paper describes an improved method for the determination of formal-
dehyde and other aldehydes in which the sample collection and the derivatization
reaction are performed directly in a midget impinger containing an acetonitrile solu-
tion of the DNPH reagent. This scheme eliminates the filtration, extraction and
transfer steps and allows direct injection of the sample into the HPLC system. During
the course of this work, Kuntz er al.!® described a similar procedure. Our report
presents further details of this procedure, including collection efficiency studies,
breakthrough studies, improved separation of the aldehyde derivatives and defined
detection limits. This technique was used to measure aldehyde emissions from etha-
nol-, gasoline- and diesel-fueled vehicles.

EXPERIMENTAL

Apparatus
All HPLC separations were performed on either a Varian Model 5000 equipped

with a 254-nm detector or a Waters Model 244 liquid chromatograph equipped
with a Model 440 UV detector. Ultraviolet detection with the Waters instrument was
effected at either 254 or 365 nm. Solvent programs were generated via microprocessor
control with the Varian instrument and with a Model 1612-B program control
module (Munhall Co.) for the Waters instrument. Samples were injected onto the
column in the Varian system with a Valco injector and on to the column in the Waters
system with a Waters Model U6K injector. The sample sizes injected were 30 pl.
Various commercially available reversed-phase (ODS) chromatographic columns
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were used to achieve the most efficient separations. These included a 15cm x 4.6 mm
I.D. Supelcosil LC-18 (Supelco), a 25 cm x 4.6 mm 1.D. Ultrasphere-ODS (Beck-
man) and a 25 cm x 4.6 mm I.D. Zorbax-ODS column (DuPont).

Reagents

The mobile phase was prepared from HPLC-grade “distilled in glass™ acetoni-
trile (Fisher Scientific) and deionized water. The 2,4-dinitrophenylhydrazine was ob-
tained from both J. T. Baker and Aldrich. The DNPH was recrystallized from HPLC-
grade methanol to reduce carbonyl impurities. All other chemicals and the aldehydes
were of the best available grade from various suppliers.

Derivative preparation

The DNPH derivatives were prepared by reacting the corresponding aldehydes
with saturated DNPH solution in 2 N hydrochloric acid. The DNPH derivatives were
filtered, washed with water and 2 N hydrochloric acid, air dried and stored in closed
vials. Purity was checked by melting-point determinations and by liquid chromato-
graphic analysis. Some of the derivatives were recrystallized from absolute ethanol.

Preparation of solutions and standards

A 6.25 umole/ml DNPH stock solution was prepared by addition of 125 mg of
purified DNPH crystals to 100 ml of acetonitrile. Dilution of the stock solution with
acetonitrile was used to prepare a 3.1 or a 1.6 ymole/ml DNPH absorbing solution.
The catalyst (1 N perchloric acid) was added to the absorber solution just before
use (1 drop per S ml of absorber). .

Standard solutions of the aldehydes were prepared by injecting 5.0 ul of the
aldehyde into a septum sealed vial containing 5.0 ml of acetonitrile. The concentra-
tions were calculated from the densities of the aldehydes or, in the case of for-
maldehyde, from the concentration of the stock solution as determined by titration'”.
These solutions were used to generate known atmospheres of aldehydes. Standard
derivative solutions were prepared by injecting 2.0-20 ul of the aldehyde solution into
a septum-sealed vial containing the derivatizing reagent and also by weighing the
solid hydrazones and dissolving them in acetonitrile.

Generation of standard aldehyde vapors

A Kin-Tek certified paraformaldehyde (a-polyoxymethylene) permeation tube
together with a Kin-Tek Model 670 permeation tube system was used to generate
known atmospheres of formaldehyde.

To generate known atmospheres of acetaldehyde, acrolein and benzaldehyde,
the method described by Graham!® for the generation of known atmospheres of
isocyanates was adapted. The experimental apparatus shown in Fig. 1 was employed.
A known amount of an aldehyde solution in acetonitrile (10-30 ul) was placed in
impinger A and 10 or 20 ml of the absorber solution was placed in impinger B. Room
air was then drawn through both impingers at rates varying from 0.5 to 1.5 l/min with
a Bendix BDX-55-HD Super Sampler Pump (Bendix Corp., Lewisburg, WV,
U.S.A.). The sampling time was varied so that a total volume of 20 1 of air was drawn
through the impingers. During this sampling time, impinger A was heated for 1045
sec with a heat gun to ensure volatilization of the aldehydes. The aldehydes were
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Fig. 1. Apparatus for generation of known aldehyde vapors.

swept out of impinger A and trapped in the absorber solution in impinger B. This
technique was used for the recovery and precision studies described here.

Procedure for exhaust sampling
Aldehyde emissions from various vehicles were measured as the test cars were

driven on a chassis dynamometer. One sample from each test phase was taken from a
cold-start, 1-cycle 1972 Federal Test Procedure (FTP) and a hot-start 18-cycle 1972
FTP test. The raw exhaust was diluted with room air by a constant volume sampler
(CVS). Exhaust samples taken for analysis were collected by bubbling the diluted
exhaust from the CVS through two midget impingers (Ace Glass, Vineland, NJ,
U.S.A.) connected in series. Each impinger contained 20 ml of the absorbing DNPH
solution. The samples were drawn at a rate of 1.0 [/min by a Dynapump, and the
sample volume was measured with a wet-test meter.

RESULTS AND DISCVJSSION

Reaction kinetics of the derivatization reaction

For the derivatization reaction to be analytically useful, the reaction must
proceed in an analogous manner in acetonitrile solvent to that in aqueous solution. A
study of the effect of the acid catalyst (hydrochloric and perchloric acids) concentra-
tion on the reaction kinetics and derivative stability was undertaken. Known
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amounts (0.3-0.5 ymole) of formaldehyde, ethyl methyl ketone and benzaldehyde
were injected into 4.0 ml of reagent (6.0 umole) containing variable amounts of
hydrochloric acid catalyst (1-4 drops of [~12 & acid). The reaction mixture was
analyzed by reversed-phase HPLC at various times after the reaction was initiated.
The results indicate that the reactions proceed very fast ( < 5 min) for the aldehydes at
all hydrochloric acid concentrations and that the derivatives are stable for a least 6 h.

The reaction with hydrochloric acid produced a white precipitate, which was
later identified by mass spectrometry as 2,4-dinitrophenylhydrazone hydrochloride.
A similar study with perchloric acid gave identical reaction kinetics and produced no
white precipitate, presumably because of the greater solubility of perchloric acid in
acetonitrile. The derivatives were fairly stable (less than 109/ decomposition after 24
h with perchloric acid) and subsequently perchloric acid was used in all work.

The optimum reaction conditions chosen were 1 drop (50 ul) of 1 N perchloric
acid per 4.0 ml of reagent solution. The concentration of the reagent solution was
generally <6.25 umole/ml, depending on the expected concentration of the alde-
hydes. At low aldehyde levels where blank impurities become a problem, the concen-
tration of the reagent solution was decreased to 1.56 gmole/ml.

High-performance liguid chromatography

An investigation of the resolution obtainable for the DNPH derivatives with
three commercially available columns was undertaken (see Experimental). Various
mixtures of acetonitrile and water were used as the mobile phases.

The best separation of C; aldehyde and ketone derivatives, and indeed the best
overall separation, was obtained with a 6-um Zorbax-ODS column. As can be seen in
Fig. 2, the acrolein, acetone and propionaldehyde derivatives are very well resolved
whereas the ethyl methyl] ketone and butyraldehyde derivatives are not. As acrolein is
the more important pollutant, the separations were optimized for the C; species at the
expense of the C, species. This separation scheme was used for most of the auto-
mobile exhaust work, as it offered complete resolution of the desired species in a
reasonable time. However, with a slightly modified solvent program it is possible to
separate even more components (Fig. 3).

Validation of the method

The collection efficiency using the proposed method for formaldehyde vapors
was determined using a paraformaldehyde permeation tube. The permeation tube
was found to deliver 2.40 ug/min of formaldehyde as determined by the MBTH
method’. The concentration of formaldehyde was varied from 0.358 to 1.14 ppm by
varying the dilution gas (helium) flow-rate of the system from 0.5 to 1.5 l/min. The
total sampling time was kept constant at 20 min so that the gas volume sampled
varied from 10 to 301 while the total amount of formaldehyde generated was constant
(48.0 ug). The collection efficiency for formaldehyde was 97.5 + 1.0 % (four determi-
nations) using single midget impingers containing either 10 or 20 ml of reagent solu-
tion.

Atmospheres of other aldehydes were generated using the method and the
apparatus described by Graham'® (see Experimental). Standard 20-1 atmospheres of
acetaldehyde, acrolein and benzaldehyde with an average concentration varying from
0.10 to 0.50 ppm were generated using this technique. The overall collection efficiency
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Fig. 2. Chromatogram of various DNPH derivatives separated on a Zorbax-ODS column: acetonitrile—
water (65:35) at 1.0 ml/min for 20 min, then gradient to acetonitrile—water (80:20) over 10 min; UV
detection at 365 nm. Peaks: | = formaldehyde; 2 = acetaldehyde; 3 = acrolein; 4 = acetone; 5 =
propionaldehyde; 6 = crotonaldehyde; 7 = ethyl methyl ketone/butyraldehyde; 8 = benzaldehyde; 9 =
isovaleraldehyde; 10 = hexanaldehyde.
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Fig. 3. Chromatogram of various DNPH derivatives separated on a Zorbax-ODS column: acetonitrile—
water (67:33) at 0.7 ml/min for 8 min, then 1.0 ml/min and gradient to acetonitrile-water (90:10) over 17
min, then gradient to 100 % acetonitrile over 3 min. Peaks: 1 = formaldehyde; 2 = acetaldehyde; 3 =
furfural; 4 = acrolein; 5 = acetone; 6 = propionaldehyde; 7 = salicylaldehyde; 8 = crotonaldehyde; 9 =
butyraldehyde; 10 = glyoxal; 11 = benzaldehyde; 12 = glutaraldehyde; 13 = valeraldehyde; 14 = p-
tolualdehyde; 15 = hexanaldehyde; 16 = 3-heptanone; 17 = heptanaldehyde; 18 = octanaldehyde; 19 =
nonanaldehyde.
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for these aldehydes was 95.0 + 4.0% (four determinations each). The precision
probably reflects the reproducibility of using a syringe to dispense dilute aldehyde
solutions into the generator impinger.

The collection efficiency of this method was compared with the aqueous
DNPH procedure’® by injecting 15-ul aliquots of dilute solutions of formaldehyde,
acrolein, butyraldehyde and benzaldehyde (amounts ranged from 12 to 20 ug of each
aldehyde) into 20 ml of acetonitrile-DNPH and 20 ml of 2 N hydrochloric acid-
DNPH. The latter solution was extracted three times with pentane and the extracts
were combined and evaporated to dryness and the residue was dissolved in 20 ml of
acetonitrile. Analysis of the resulting acetonitrile solutions by HPLC allows a direct
comparison of the collection efficiency of the two methods, as shown in Table I. The
low recoveries and large relative standard deviations shown in this table are probably
the result of variable losses during the extraction and evaporation steps required by
the aqueous-based procedure. In any event, these collection efficiencies are inad-
equate for a good analytical method, and they show the superiority of the aceto-
nitrile-DNPH procedure.

TABLE I
COLLECTION EFFICIENCY OF THE 2 N HYDROCHLORIC ACID-DNPH PROCEDURE

Efficiency relative to acetonitrile-DNPH procedure.

Aldehyde Collection efficiency (%)*
Formaldehyde 86 + 10**

Acrolein 63 &+ 10; 9 4 44+
Butyraldehyde 80 + 14

Benzaldehyde 102 + 7

* Average of at least five determinations.
** Relative standard deviation.
*x* The first value is for acrolein alone and the second for acrolein in a mixture with the other three

aldehydes.

The detection limits for formaldehyde, acetaldehyde, acrolein and benzal-
dehyde are listed in Table II. These detection limits are given for UV detection at 365
nm where the DNPH derivatives have their maximum absorbance. Detection at 365
nm as opposed to 254 nm improves the signal-to-noise ratio by a factor of two for

TABLE 11
DETECTION LIMITS FOR VARIOUS ALDEHYDES

Aldehyde Detection limit (ppb, v{v)*
Formaldehyde 20%*

Acetaldehyde 1 0%

Acrolein 5

Benzaldehyde 4

* Based on a 20-1 air sample, a 10-ml final impinger volume and a 30-ul injection.
** A blank peak equivalent to 10 ppb in the reagent based on a 20-1 air sample.
*+* A blank peak equivalent to 5 ppb in the reagent based on a 20-1 air sample.
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most of the aldehydes determined and, consequently, improves the detection limit by
the same factor. Where no reagent blanks are found (acrolein and benzaldehyde). the
detection limits were calculated based on an aldehyde concentration equivalent to
twice the noise level. When reagent blank impurity peaks are present (formaldehyde
and acetaldehyde), the detection limits are based on an aldehyde concentration equiv-
alent to twice the blank impurity peak. The stock DNPH reagent (6.25 ymole/ml)
contained 30-40 ppb of formaldehyde equivalents and 15-20 ppb of acetaldehyde
equivalents, respectively. Most of the work utilized a 1:4 dilution of the stock reagent,
thus reducing the blank impurities. Batch to batch variations in the DNPH reagent
can lead to variance in reagent aldehyde impurities and thus affect the detection
limits. The detection limit for formaldehyde and acetaldehyde would be about 2.0
ppb if the blank were zero. The detection limits can be improved by further purifying
the reagent to remove formaldehyde and acetaldehyde impurities, by taking larger air
samples or by increasing the injection volume.

A breakthrough study was carried out to determine the maximum amount of
formaldehyde that can be effectively collected in a midget impinger and the point
where the collection efficiency deviates from 100 9. This study was conducted by
bubbling formaldehyde vapor at the rate of 2.4 ug/min into a single midget impinger
containing 20 ml (or 31 umole) of DNPH reagent. The amount of formaldehyde
delivered and, hence, the reagent to aldehyde molar ratio was varied by sampling for
20, 60 and 120 min at 1.0 I/min. The resulting molar ratios at these sampling times
were 20:1, 6.6:1, and 3.3:1, respectively. Recoveries of 98 + 49 were obtained at all
three molar ratios tested. Even at a molar ratio of 1.65:1, recoveries in escess of 70 %/,
were obtained. Apparently, at a 3.3:1 molar ratio sufficient excess reagent exists to
drive the reaction to completion. With 31 umole of reagent in a midget impinger, 10
umole of formaidehyde or other aldehyde species can be collected with nearly 100 %
collection efficiency.

Stability of the reagents and samples

The acetonitrile-DNPH solution is stable for at least 2 months when it is
stored at 0°C. However, after the 1 N perchloric acid catalyst has been added, the
solution will absorb aldehydes from the air and the catalyst is therefore added just
before use.

This procedure was developed to give fast turnaround time in emission testing
so most samples were analyzed within 1 h of collection. However, other applications
of this technique may require longer time periods between the collection and analysis
of samples. In our experience all of the aldehyde derivatives except acrolein are stable
in acetonitrile solvent at room temperature for at least 2 weeks. The acrolein deriva-
tive decomposes in the presence of excess of DNPH and 1 N perchloric acid at room
temperature so that only 309 of the original amount is left after 1 week. Refriger-
ation at 0°C retards this decomposition significantly so that 859 of the acrolein
derivative is left after 1 week. Therefore, refrigeration of samples and standards at
0°C is recommended.

Application of the method to automobile exhaust sumples

This method was used to determine aldehyde emissions from ethanol-, gas-
oline- and diesel-fueled vehicles. The data given in the tables are for diluted exhaust
(ca. 10:1) from the CVS system (see Experimental).
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Table III sumiarizes the results obtained for a prototype ethanol-fueled ve-
hicle, a 1974 (no catalyst) gasoline-fueled vehicle and a 1981 (catalyst) gasoline-fueled
vehicle. The cold-start and hot-start designations refer to 1972 Federal Test Pro-
cedure driving cycles. The major aldehyde emissions found for these vehicles were
formaldehyde and acetaldehyde. These vehicle tests show the wide range of concen-
trations that can be encountered in emission testing and also show that the method
developed is applicable to aldehyde emissions ranging from 0.04 to 28 ppm in diluted
exhaust. Multiple HPLC analyses of the same sample yielded a reproducibility of
+4.29% (four determinations).

TABLE 111
ALDEHYDE EMISSIONS FROM ETHANOL- AND GASOLINE-FUELED VEHICLES
Aldehyde Results (ppm, v[v) in diluted exhaust
Ethanol-fueled* 1974 gasoline-fueled** 1981 gasoline-fueled***
Cold start Hot start Cold start Hot start Cold start Hot start
Formaldehyde 7.31 428 242 2.54 0.36 0.04
Acetaldehyde 20.30 10.10 0.67 0.59 0.08 ND
Acrolein ND ND 0.27 0.24 0.02 ND
Butyraldehyde ND ND 0.03 0.03 0.01 ND
Benzaldehyde ND ND 0.10 0.10 0.03 ND
Total 27.61 14.38 3.49 3.50 0.50 0.04

* Prototype 100 %, ethanol-fueled vehicle.
** No catalyst.
*** Computer command control emission system.
¥ ND denotes not detected (< 0.01 ppm).

TABLE IV
ALDEHYDE EMISSIONS FROM DIESEL-FUELED VEHICLES

Aldehyde Results (ppm, v/v) in diluted exhaust

1978 vehicle* 1980 vehicle**

Cold start Hot start Cold start Hot start
Formaldehyde 0.57 0.47 0.70 0.49
Acetaldehyde 0.13 0.09 0.18 0.13
Acrolein 0.09 0.09 0.08 0.05
Propionaldehyde 0.06 0.06 0.05 0.03
Crotonaldehyde 0.01 0.01 0.01 0.01
Butyraldehyde 0.01 0.01 0.06 0.07
Benzaldehyde 0.01 0.01 0.02 0.02
Tolualdehydes ND*** ND ND ND
Total 0.88 074 1.10 0.80

* 1978 production vehicle with a 5.7-1, V-8 diesel engine without exhaust gas recirculation.
** 1980 production vehicle with a 5.7-1, V-8 diesel engine with exhaust gas recirculation.
*** ND denotes not detected (<0.01 ppm).
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Table 1V shows the results obtained for two diesel-fueled automobiles. These
data demonstrate the number of aldehydes that can be determined in a single test and
the effect of engine configuration on individual aldehyde emissions.

The chromatographic analysis scheme shown in Fig. 2 was used for these tests.
With these conditions, on analysis time of about 45 min per sample (including column
equilibration) was required. However, when only a few aldehydes are important or
expected, the analysis time can be reduced to about 10 min per sample.
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SUMMARY

A rapid and reliable protocol for the simultaneous separation of ribo-, de-
oxyribo- and cyclic nucleotides has been developed using high-performance liquid
chromatography on a C,; uBondapak column and isocratic elution with ammonium
phosphate buffer (0.2 M, pH 5.1). Resolution of deoxyribonucleotides has been con-
firmed by performing resolution before and after periodate oxidation. The general
order of elution is ribonucleotides, deoxyribonucleotides and cyclic nucleotides.
While periodate oxidation improved the clarity of separation of deoxyribonucleotides
by eliminating ribonucleotides, incorporation of methanol in the eluent shortened the
retention time of the cyclic nucleotides. The application of this method to a complex
biological system is reported.

INTRODUCTION

We have recently reported! a rapid and sensitive method for separating ribo-
nucleotides on a C, g reversed-phase column using isocratic elution with ammonium
phosphate buffer. The elution profiles were dependent on both pH and ionic strength
of the buffer. To our knowledge, none of the existing methods affords simultaneous
detection of total ribo-, deoxyribo- and cyclic nucleotides using isocratic elution
conditions. Some protocols provide for the separation of pyrimidine nucleotides
alone?, purine nucleotides alone® and exclusive separation of either ribonucleotides*
or deoxyribonucleotides®>. Using an isocratic elution buffer and a reversed-phase
column, we now report the resolution of the deoxyribonucleotides and cyclic ribonuc-
leotides from each other and from ribonucleotides. The deoxyribonucleotides and
cyclic ribonucleotides elute, in general, later than the corresponding ribonucleotides
and, depending on the analysis desired, their elution could be expedited using the
same buffer fortified with 10%, (v/v) methanol. Combining periodate treatment to

0021-9673/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company
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remove ribonucleotides, deoxyribonucleotides can be easily distinguished from the
ribonucleotides in biological samples. This protocol has been applied in analyzing the
ribonucleotide, deoxyribonucleotide and cyclic nucleotide pool from Hel a cells and
for the identification of major purine and pyrimidine species.

EXPERIMENTAL

Apparatus

For high-performance liquid chromatography (HPLC), a Model U6K sample
injector, M45 solvent delivery systzm, either a Model 450 variable-wavelength detec-
tor or a Model 440 fixed-wavelength detector (Waters Assoc., Milford, MA, U.S.A))
and an Omniscribe automatic recorder (Houston Instruments, Austin, TX, U.S.A.)
or a Hewlett-Packard Model 3390A integrator were used. A pre-packed reversed-
phase column (30 x 0.4 cm 1.D.; particle size 10 um) containing an octadecyl (C,g)
chemically bonded stationary phase (Waters Assoc.) was utilized. A pre-column (5 x
0.4 cm 1.D.) also packed with C,;, reversed-phase material was used to protect the
main column.

Chemicals

Ribo-, deoxyribo- and cyclic nucleotides were obtained from Sigma (St. Louis,
MO, U.S.A.). A 10 mM stock solution of each nucleotide was prepared in distilled
water, stored at — 70°C and diluted before use. All other chemicals used were of
analytical-reagent grade. Methanol of HPLC grade was obtained from Waters Assoc.
Ammonium phosphate buffer (0.2 M, pH 5.1) was freshly prepared in doubly distilled
water, pre-filtered through a 0.2-um Millipore filter and degassed extensively before
use.

Periodate oxidation

In principle, the method of Neu and Heppel® was followed, with minor modifi-
cations. Proportional volumes of ribonucleotides and deoxyribonucleotides were
mixed to a final concentration of 1.6 uM. Aliquots of 1 ml of this mixture were treated
at ambient temperature for 10 min with 80 ul of | M sodium periodate, after which 10
ul of 4 M cyclohexylamine were added and the resultant mixture was incubated at
45°C for 90 min. After incubation, 10 ul of 0.5 M rhamnose were added to remove
excess of iodate ions. A 10-ul aliquot was chromatographed from the periodate-
oxidized samples.

Silica cartridge chromatography

In order to avoid confusion among ribonucleotides (cytosine and uracil plus
thymine series) and free bases which elute with a very close retention time with that of
periodate and cyclohexylamine, samples were fractionated according to Lothrop and
Uziel” through silica cartridge (Waters Assoc.) after periodate oxidation. The result-
ant free deoxyribonucleotides were then chromatographed on a C, 4 column as for the
puring series.

Preparation of HeLa cell extracts
HeLa cell cultures were grown in Hank’s MEM containing 10 % newborn calf serum
at 37°C until confluent. The medium was discarded and the cells were washed three
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times with chilled PBS and extracted in 6 ml of 0.66 M formic acid at 4°C for 15 min.
The extract was centrifuged (4°C, 3000 r.p.m., 10 min), the supernatant passed
through a C,; cartridge (Waters Assoc.) at a flow-rate of 1 ml/min, the cartridge
washed with 15 ml of distilled water and the pooled sample was lyophilized. The dry
material was extracted in 1 ml of distilled water and filtered through a 0.2-um Mil-
lipore filter before chromatography.

Chromatographic conditions

A uBondapak C,4 column was used in these studies. The column was washed
daily with doubly distilled water, followed by methanol-water (30:70), and preserved
in the latter between use. Before use, it was equilibrated with water and ammonium
phosphate buffer (0.2 M, pH 5.1). The samples were chromatographed at room
temperature at a flow-rate of 1 ml/min, 1000 p.s.i., a chart speed of 1 cm/min and
monitored at 254 nm at 1.0 a.u.f.s.

RESULTS AND DISCUSSION

From Fig. 1 it is clear that good separation of each ribonucleotide and de-
oxyribonucleotide in each purine and pyrimidine series is achieved on a C,g column
using isocratic elution with ammonium phosphate buffer (0.2 M, pH 5.1) at 1 ml/min
flow-rate as previously described for the separation of ribonucleotides'. Following
periodate treatment of the ribonucleotide~deoxyribonucleotide mixture, only deoxy-
ribonucleotides and resulting free bases from ribonucleotides were detected.

In the chromatography of ribonucleotides, the order of elution is triphosphate
followed by the diphosphate, with the monophosphate being retained for a relatively
longer period. A similar pattern emerges with the deoxynucleotides. The order of
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Fig. 1. ( Continued on p. 310)
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elution of the ribonucleotides (uracil nucleotides before cytosine nucleotides before
guanine nucleotides before adenine nucleotides) is also maintained for the deoxy-
ribonucleotides. After periodate treatment, we have noted a minor shift in the elution
pattern of the deoxyribonucleotides, the retention time of the adenine and guanine
deoxyribonucleotides being slightly shorter than before the treatment.

Cyclic ribonucleotides under our conditions have a long retention time and are
reasonably separated from the ribonucleotides and deoxyribonucleotides (cCCMP at
5.9 min, cGMP at 36.4 min and cAMP at 112 min). However, the time of elution of
cAMP is longer than normally desired with an HPLC system; modification of the
eluent by the addition of differing amounts of methanol expedites the elution without
affecting resolution (Fig. 2). The order of elution is consistent with that of the ribotides
and deoxyribotides, i.e., the cyclic ribotide of cytosine is retained least, that of guanine
intermediate and adenine longest. From Fig. 2, it is also clear that the retention times
of CTP, GTP and ATP are reduced by the incorporation of methanol in the eluent.
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Fig. 2. Chromatogram of cyclic nucleotide standards on a uBondapak C,g column. The eluent was am-
monium phosphate buffer (0.2 M, pH 5.1) containing 10 % (v/v) methanol. Flow-rate, 1 ml/min.

The elution pattern of cytosine, uracil and thymine ribonucleotides and de-
oxyribonucleotides is similar, if not identical, making the resolution between tri- and
diphosphates markedly difficult unless modifications are introduced in the eluting
agent. This is in agreement with our previous results'. Yet from Fig. 1 it is obvious
that each pyrimidine ribotide separates well from its corresponding deoxyribotide.

Five points emerge from this elution pattern: (i) the p-2-deoxyribose entity is
retained on the column more tightly than the D-ribose entity, probably owing to the
higher electronegativity of the OH group; (ii) the purine entity is retained on the
column more tightly than the pyrimidine entity, probably owing to its higher charge;
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(1i1) the elution pattern in each series is clearly a function of the degree of protonation
of the PO, group; the entity with the most PO, groups elutes earlier and the entity
with the least elutes later; (iv) the degree of protonation is disproportionately masked
(possibly for stereospecific reasons) by the number of phosphate groups, as is evident
by the distance between the elution of tri- and diphosphates and monophosphates;
and (v) cyclization of the monophosphates greatly increases their retention on the
column. Thus the affinity of the nucleotides for the C ¢ column is not simply a
function of the charge on the PO, group alone.

In order to test the applicability of this system to a biological sample, the total
acid-soluble extract of Hel a cells was chromatographed as described under Experi-
mental. Fig. 3 shows the nucleotide profiles. Although tentative identification of
major peaks could be made by running standard nucleotides individually and by
adding a standard to the mixture and confirming the peak by an increase in peak
height, it was obvious that certain peaks contained more than one component.
Measurement of differential retention times using phosphate buffer with and without
109 (v/v) methanol permitted their further identification. This approach proved
exceedingly effective in the identification of cyclic nucleotides in HeLa cells (Fig. 4).
Periodate oxidation allowed the clear identification of deoxyribonucleotides from
ribonucleotides (Fig. 5). The periodate-treated sample also allowed the detection of
bases whose retention times and peak areas remained unchanged as a result of peri-
odate oxidation. The recovery of nucleotides was quantitative and the sensitivity of
this method allowed us to measure samples at the level of nanomoles. Minor changes
in retention time have been noted between columns, but the order of elution was
consistent. A similar strategy of identification in conjunction with silica cartridge
fractionation has been used successfully to identify and measure nucleotide concen-
tration in Stigmatella aurantiaca and Xenopus laevis development®.
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Fig. 3. Elution profile of total acid-soluble nucleotide pool from Hela cells. All the peaks are identified
individually: | = unidentified peak; 2 = UTP; 3 = CTP and CDP; 4 = GTP and UDP; 5 = GDP and
UMP; 6 = GMP; 7 = ATP; 8 = ADP; 9 = hypoxanthinc and guanine; 10 = AMP; Il = dATP.
Flow-rate, 1 ml/min.

Recent efforts to establish the applicability of metal chelate affinity chromato-
graphy to achieve the fractionation of AMP or GMP from their respective deoxy
homologues were unsuccessful®. Besides the need to use a gradient, other procedures
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Fig. 4. Analysis of cyclic nucleotides in HeLa cells. Peak | contains at least four peaks as indicated by the
integrator, composed of cytosine, uracil, cytidine and all nucleotides; peaks 2 and 3 contain hypoxanthine,
guanine, and uridine; 4 = thymine; S = ¢cGMP; 6 = guanosine; 7 = adenine; 8 = cAMP. Flow-rate, 1
ml/min.

showed coelution or overlapping elution of AMP, TMP and UMP°. The use of pH
gradient'!, molarity gradient'? or pH and molarity gradient techniques*? required an
increased time and buffer for equilibration between analyses and gradient program-
ming for optimal resolution. None of these drawbacks are present in our procedure.
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Fig. 5. Elution profile of pcriodate-treated nucleotide pool from HeLa cells. The cell extract was treated
with periodate as described under Experimental. All peaks are identified individually: 1| = periodate; 2 =
cyclohexylamine; 3 = uracil; 4 = unidentified; 5 = residual ATP; 6 = residual ADP; 7 = hypoxanthine;
8 = guanine; 9 = dGMP; 10 = dATP; 11 = dADP; 12 = adenine; 13 = dAMP; 14 = unidentified.
Broken lines under peaks 10, 11, 13 and 14 represent the actual amounts and solid lines represent the
coelution experiment. The increased adenine under peak 12 is due to periodate oxidation. Flow-rate, 2
ml/min.
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It is convenient as it uses an isocratic mode of elution, thus avoiding the problems of
gradient elution. It is simple, as it does not need the prior elaborate enzymatic treat-
ments required in other systems'*. Finally, it is comprehensive, as it affords clear and
rapid separations of ribo-, deoxyribo- and cyclic nucleotide pools in cells under dif-
ferent pathological states. In the present instance, it has proved reliable and useful in
the analysis of Hel.a nucleotide pools.
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SUMMARY

Counter-current chromatography (CCC) using the toroidal coil planet cen-
trifuge was applied to the separation of plant hormones. Indole auxins were separated
1n either hexane—ethyl acetate—methanol-water (0.6:1.4:1.0:1.0) or chloroform-acetic
acid—water (2:2:1). The latter solvent system was especially useful for the separation
of abscisic acid from indole-3-acetic acid. Gibberellins (GA;, GA, and GA,) were
separated from each other in ether-methanol-phosphate buffer (pH 7) (3:1:2). The
CCC method was suitable for the separation of four cytokinins in ethyl acetate—
methanol-phosphate buffer (pH 7) (3:1:3). Abscisic acid from Zoysia grass seed was
successfully analysed by CCC. The potential practical application of CCC to plant
hormone analysis is discussed.

INTRODUCTION

Plant hormones and other growth substances that are present in plant tissues at
ppm and ppb** concentrations regulate the growth and development in all higher
plants. They are required to study several metabolic changes, and other biochemical
and physiological implications during the plant growth and developmental processes.
Because of their presence in trace amounts, it is often very difficult to analyze and
monitor their levels. Several analytical approaches including chromatographic spec-
troscopic methods have been suggested for their detection and analysis’. Recently,
high-performance liquid chromatography (HPLC), gas chromatography with an

* Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the
product by the U.S. Department of Agriculture and does not imply its approval to the exclusion of other
products that may also be suitable.

** In this article, the American billion (10°) is meant.

0021-9673/82/0000-0000/502.75  © 1982 Elsevier Scientific Publishing Company
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electron-capture detector (GC-ECD) and selective ion monitoring (SIM) have been
used to analyze various groups of plant hormones, especially to detect abscisic acid
(ABA)* and indole-3-acetic acid (IAA), with reasonable success?. However, there
are some inherent difficulties in these methods. Although HPLC has been found to be
a superior method over other chromatographic systems, the choice of columns and
solvent systems is limited, especially for separations of polar compounds and,
moreover, other purification methods are needed prior to HPLC use for the determi-
nation or analysis of plant hormones from crude plant extracts. Both GC-ECD?**®
and SIM methods*” are very sensitive and can detect the trace substances at sub-
nanogram levels. However, to utilize these methods, prior to introduction into the
GC system, the compounds have to be converted into suitable derivatives in order to
make them readily volatile and thus enable them to pass through the GC columns
easily. Additionally, for SIM analysis, a thorough knowledge of mass spectrometry,
suitable internal standards and above all a large investment of money in mass spectro-
metric (MS) instrumentation are required.

As an on-going project, we have been investigating analytical methods with a
view to either refining the existing ones or developing new methods that would be
better suited for plant hormone analysis. In this connection, we have examined a
recently developed method, termed counter-current chromatography (CCC)®, which
is based on the principles of counter-current distribution (CCD) and liquid chromato-
graphy (LC). This paper deals with the application of CCC to the separation of
standard mixtures of plant hormones and other related compounds.

MATERIALS AND METHODS

Instrument design

A simple tabletop model of the toroidal coil planet centrifuge®!? was used
(Fig. 1). It has a rotary frame consisting of a pair of circular aluminum plates rigidly
bridged with multiple aluminum links. The rotary frame is driven by a motor around
the stationary pipe mounted on the central axis of the centrifuge and holds a pair of
symmetrically spaced cylindrical holders (10 cm from the central axis), one of which
(15 ecm O.D.) has a coiled column while the other holder (10 cm O.D.) carries a
counterweight to balance the centrifuge system. Each holder is equipped with a plas-
tic gear (Winfred N. Berg, Inc.) which is coupled to an identical sun gear mounted
around the central stationary pipe. This gear arrangement produces the desired
planetary motion of the holders, i.e., revolution around the central axis of the ap-
paratus and rotation about its own axis at the same angular velocity in the same
direction. For mechanical stability of the centrifuge, the free end (right side) of the
rotary frame is coaxially connected to a short coupling pipe, which is supported by a
stationary wall member of the centrifuge through a ball bearing.

The separation column is prepared by winding PTFE tubing (Zeus Industrial
Products, Raritan, NJ, U.S.A.) of 0.55 mm 1.D. on to a flexible core which is again

0

* Abbreviations: ABA = abscisic acid; GA; = gibberellic acid; GA, and GA,; = gibberellins A, and
A5; IAA = indole-3-aceticacid; lA = indole-3-acetamide; IAN = indole-3-acetonitrile; lAcA = indole-3-
acrylic acid; IBA = indole-3-butyric acid; ICA = indole-3-carboxylic acid; IPA; = indole-3-propionic
acid; Z = zeatin; ZR =zeatin riboside; IP = 6-isopentenyladenine; IPA = 6-isopentenyladenosine.
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Fig. 1. A table-top model of the toroidal coil planet centrifuge.

coiled around the holder to make a coiled helix or toroidal coil configuration (helical
diameter, 1.5 mm; total number of turns, 8500; total capacity, 18 ml; theoretical
plates. 2000-6000). A counterweight is applied to the other holder to balance the
centrifuge. The flow tubes from the column are first passed through the center of the
coil holder shaft and then led into the coupling pipe through a side hole to enter the
opening of the stationary pipe. To prevent mechanical damage, the flow tubes are
lubricated (silicone grease) and protected with a piece of plastic tubing at each sup-
ported position. The planetary motion produced by the gears permits the flow tubes
simply to roll around themselves without twisting. The revolutional speed is continu-
ously adjustable up to 1000 rpm (450 g) with a Motomatic speed control unit (Elec-
tro-Craft).
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Operation

The coiled column is first filled with a stationary phase of the pre-equilibrated
two-phase solvent with the aid of either a Chromatronix Cheminert metering pump
or a Milton-Roy pump. The test sample solution is introduced through a sample
injection port and the mobile phase is pumped through the column at 2.4 ml/h while
the apparatus is run at a desired revolutional speed (450-500 rpm). The eluate is
continuously monitored with either an LKB Uvicord III or an LKB Uvicord S at
206, 260 or 280 nm, depending on the test samples, and then collected with a fraction

collector.

Sources of hormone samples

All of the test compounds were obtained from several commercial sources and
used without further purification. ABA-containing samples from Zoysia grass seeds
were obtained by scarification of the seeds with alkali followed by extraction with
diethyl ether—ethyl acetate (1:1). The crude acidic extract was purified by HPLC on a
reversed-phase column Bondapak C, g, (Waters Assoc.) using methanol-water (§0:20)
and a fraction corresponding to the retention volume of standard ABA sample was
collected and analyzed by CCC. Final proof for ABA was obtained by GC-MS of

its methyl ester.

Partition coefficients
Partition coefficients were determined by adding a known amount of the test

compounds in the solvent systems used for each group of hormones. After
thoroughly mixing the compounds in the desired solvent system, the two phases were
separated and the absorbances measured at the desired wavelength (indoles and ABA
at 280 nm, cytokinins at 260 nm and gibberellins at 206 nm). The ratio of the absor-
bance values of the samples from two phases gave their partition coefficient (P.C.) in
the respective solvent systems. A typical procedure for determining the P.C. of IAA in
chloroform-acetic acid—water (2:2:1) is given here. To a mixture of 2 ml of chloro-
form, 2 m] of acetic acid and 1 ml of water were added 10 ul of IAA agueous solution
(concentration 20 pg/ul). The compounds and the solvents were mixed vigorously and
two phases allowed to separate. A 1-ml volume of each phase was mixed with 3 ml of
methanol and the absorbance was measured at 280 nm with a Beckman UV-visible
spectrophotometer using a 1-cm light-path quartz cell which gave readings of 0.382
and 0.405 for the lighter phase (Lp) and the heavier phase (Hp), respectively. Hence
the P.C. of IAA is 0.94 (Lp/Hp) for the above solvent system.

RESULTS AND DISCUSSION

Indole compounds

Two chromatographic solvent systems, 1 (hexane—ethyl acetate-methanol-
water, 0.6:1.4:1:1) and Il (chloroform-acetic acid—water, 2:2:1), were chosen for
separation of several indolic compounds by CCC. The partition coefficients (Table I)
range from 0.26 to 3.83 in these two solvent systems. The compounds studied either
exhibit auxin activity or are the metabolic products of IAA. Because of the inherent
differences in their P.C.s in these solvent systems, one would expect these indoles from
a mixture to separate into individual components by CCC. If the upper phase is kept
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TABLE I
PARTITION COEFFICIENTS OF INDOLES IN TWO DIFFERENT SOLVENT SYSTEMS

Compound Abbre- Concen- Partition coefficient
viation tration
(ug/ul) Solvent system | Solvent system Il
Lp/Hp HpfLp Lp/Hp Hp|Lp

Indole-3-acetic acid IAA 20 0.99 1.01 0.94 1.06
Indole-3-acetamide 1A 20 0.26 383 1.05 0.95
Indole-3-acetonitrile IAN 20 3.00 0.33 0.39 2.55
Indole-3-carboxylic acid ICA 10 0.63 1.61 1.07 0.93
Indole-3-acrylic acid IAcA 10 0.88 1.44 0.78 1.28
Indole-3-butyric acid IBA 20 1.74 0.57 0.36 2.81
Indole-3-propionic acid IPA, 20 2.02 0.50 0.26 3.80

Solvent system I, hexane—ethyl acetate-methanol-water (0.6:1.4:1:1); solvent system II, chloroform-acetic
acid—water (2:2:1). Hp, heavier phase; Lp, lighter phase.

stationary on the column and the lower phase is used to elute the column, the par-
tition coefficients (Hp/Lp) for these compounds (Table I, columns 5 and 7) serve as a
useful guide for predicting the order of elution for these compounds in a mixture.
When the phases are reversed, one must then use columns 4 and 6 of Table I. As the
elution pattern follows the decreasing order of P.C.s, the separation of the mixture
begins with the highest P.C.-containing compound followed by compounds with
lower P.C.s.
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Fig. 2. Separation of indole compounds by CCC in hexane-ethyl acetate-methanol-water (0.6:1.4:1:1);
mobile phase: aqueous phase.
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A mixture (25 ug) containing five indoles (IAA, 1A, IAN, ICA and IBA; 50 ug
each) whose P.C.s vary from 0.33 to 3.83 were chromatographed in solvent system I,
keeping the lighter (non-aqueous) phase stationary. These compounds eluted in the
order that one would predict: IA (P.C. 3.83) eluted first followed by ICA (1.61), [AA
(1.01), IBA (0.57) and IAN (0.33) with the lower phase as mobile phase (Fig. 2). In
solvent system II, a mixture containing four indoles (ICA, IAcA, IBA and IPA;) and
ABA was analyzed by CCC. IAA was not introduced in this mixture because it would
obscure the resolution of ICA and IAcA peaks as it falls between the two peaks
(resulting in poor resolution of peaks). Keeping the organic (heavier) phase
stationary, all five compounds were separated with the lighter (aqueous) phase sol-
vent (Fig. 3). A small peak just before the ABA peak was observed and was identified
as an impurity of the IPA; sample. ABA, which has a P.C. (Lp/Hp) of 0.56, eluted
after IACA (0.7%). IAA and ABA were easily separated using the same conditions (Fig.
4) because of the differences in their P.C.s in the solvent system II. These results
clearly indicate that the indole compounds that are commonly found in plant tissue
can be separated with solvent system I and/or II. Although IBA (0.57) and IPA; (0.50)
could not be separated in solvent system 1 because of their close P.C.s, they were
clearly resolved using solvent system II. ABA present in plant samples could also be
detected and separated from IAA by CCC with solvent system I1, which is especially
useful for the separation of ABA from indoles (because of the difference in their
P.C.s). These results suggest that, by a judicious choice of a solvent system, indole
compounds as well as other plant metabolites can be readily separated in the presence

of ABA.
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Fig. 3. CCC separation of a mixture of four indolic carboxylic acids and abscisic acid in chloroform-acetic
acid—water (2:2:1), retaining organic phase stationary.
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Fig. 4. CCC separation of indole-3-acetic acid and abscisic acid in chloroform—acetic acid—water (2:2:1),
retaining organic phase stationary.

Gibberellins

As in HPLC, the separation of this group of plant hormones presented prob-
lems, mainly because of the lack of a proper detection system. None of the gib-
berellins separated here showed UV absorption between 220 and 360 nm. However,
all of them had strong end absorption around 210 nm, which was used to monitor
them with a UV detector. The choice of solvents was limited because gibberellins do
not partition very well in the ordinarily employed solvent systems. A solvent system
containing ethyl acetate—phosphate buffer (pH 7) was reported previously to be an
ideal system in the countercurrent distribution of gibberellin!!. As ethyl acetate (UV
cut-off at 230 nm) interferes with UV monitoring at 210 nm, diethyl ether was used in
its place. The use of the diethyl ether-0.50 M phosphate buffer system had the dis-
advantage that it has a very high interfacial tension, which creates a high column
pressure.

This difficulty was eliminated by introducing methanol into the system. A
solvent system containing diethyl ether—methanol-0.5 M phosphate buffer (pH 5.9)
(3:1:2) was suitable for gibberellin separation. A GA; and GA,~GA, mixture was
used for separation work. With the lighter (organic) phase mobile, GA separation
was achieved (Fig. 5). Under these conditions, GA; eluted first, followed by GA, and
finally GA,. The total run took less than 8 h, although we allowed the chromatograph
to run for 24 h. To confirm that the chromatographic peaks contain gibberellins, all
the fractions were bioassayed in a bean second internode test'?, which showed ac-
tivity for those fractions that represented the peaks. Thus, the correlation of the peaks
with activity was made for the separated gibberellins.
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Fig. 5. Separation of gibberellins A;, A,/A, by CCC; solvent system: ethyl acetate-methanol-0.5 M
phosphate buffer, pH 5.9 (3:1:2); mobile phase: organic phase.

Cytokinins

This method is especially useful for separation of cytokinins, namely for sep-
arating a mixture of Z, ZR, IP and IPA, as they were well resolved in a solvent system
containing ethyl acetate, methanol and phosphate buffer. A change of pH from 5to 9
affected their partition coefficients considerably when they were partitioned between
ethyl acetate and 0.5 M phosphate buffer'®. For example, ZR showed a P.C. (C,,/
C,p) range of §-10 whereas IPA has P.C.s of 0.08-0.1 in this solvent system. The
solvent combination of our choice was ethyl acetate-methanol-0.5 M phosphate
buffer (pH 7) (3:1:3) in which the desired range of P.C.s (0.2-5.0) for these com-
pounds was accomplished (Table II). The cytokinin mixture, when subjected to CCC
separation keeping the organic phase stationary, was completely resolved, according
to the decreasing order of their P.C.s. (C,/Cyyp); i.€., ZR which has the highest P.C,,
eluted first, followed by Z, IPA and IP (Fig. 6). However, the Z and ZR peaks
appeared too close, whereas IP and its riboside (IPA) were separated farther apart
(because of the long retention times). The commercial samples of Z and ZR contained

TABLE I

PARTITION COEFFICIENTS OF CYTOKININS IN ETHYL ACETATE-METHANOL-0.5 M
PHOSPHATE BUFFER (pH 7) (3:1:3)

Cytokinin Abbreviation  Partition coefficient
Caaf Corg Corgl Cag
Zeatin riboside ZR 4.25 0.24
Zeatin V4 2.26 0.44
6-Isopentenyladenosine IPA 0.73 1.37

6-Isopentenyladenine IP 0.20 5.00




CCC OF PLANT HORMONES 323

impurities which were found in the chromatogram before, after and between these
peaks. In order to make the Z and ZR peaks well resolved one should adapt by either
simply reversing the phase in the CCC run or choosing an entirely different solvent
system, so that the P.C.s for these compounds appear below 1.0 and preferably
around 0.5. We have chosen to use the same solvent system but simply to reverse the
phase, whereby the change in P.C.s (C,,/C,,,) reverses the order of the elution pattern
for these compounds (Fig. 7). In this way, IP, which had the longest retention time in
the above situation (see Fig. 6), is now eluted with the shortest retention time whereas
ZR had the longest retention time (Fig. 7). Further, Z and ZR were well separated
(AR, = 5h) and thereby the impurities in the mixture did not interfere with the Z and
ZR peaks.
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Fig. 6. Separation of zeatin and 6-isopentenyl adenine and their ribosides in ethyl acetate-methanol-0.5 M
phosphate buffer, pH 7 (3:1:3); stationary phase: non-aqueous phase.

This approach demonstrates that (1) the partition coefficients either directly or
inversely relate to the retention times measured from the solvent front and (2) reversal
of the choice for the mobile phase gives the reciprocal values of the P.C.s and there-
fore affects the retention times of the solute molecules. The approach has the follow-
ing advantages. (1) Changing the phase from stationary to mobile is very easy to
petform in CCC. (2) If particular compound takes several hours to elute, changing
the phase reduces the retention time considerably. (3) In plant sample mixtures (con-
taining cytokinins), one could first separate the hormones from other undesired
compounds by a process where they can be collected first (with shorter or long
retention times) and later, by reversal of the phase in CCC, one could obtain a pure
compound.

Abscisic acid analysis
In connection with our work on seed germination, we have investigated Zoysia
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Fig. 7. Separation of cytokinins in ethyl acetate-methanol-0.5 M phosphate buffer, pH 7 (3:1:3); sta-
tionary phase: aqueous phase.

grass seed, which has a tendency to remain dormant but scarification with alkali for a
few minutes'* allowed the seed to germinate easily. We extracted the scarified seed
with diethyl ether—ethyl acetate and chromatographed the extract by HPLC. A frac-
tion corresponding to the retention of standard ABA was collected and subjected to
CCC separation. This fraction showed a single peak that corresponded to the reten-
tion time of the standard ABA. Thus the confirmation for ABA in the plant extract
was obtained by comparing it in two chromatographic systems followed by MS
analysis of the corresponding methyl ester.

Advantages of CCC over CCD and LC

In comparison with CCD, CCC offers the following advantages: (1) much
higher partition efficiency; (2) shorter separation times; (3) separation of small
amounts of samples without much dilution; (4) little or no risk of emulsification; (5) a
wide selection of solvents which are required in relatively small amounts; (6) separa-
tion of compounds whose P.C.s fall between 0.2 and 5; (7) molecules of any size can
be separated; (8) the apparatus is much smaller and less expensive (ca. $5000); (9)
samples are not exposed to the air and hence there is no deterioration of sensitive
compounds; and (10) continuous monitoring of the eluate is possible with a conven-
tional UV detector. The main disadvantage of CCC compared with CCD is that the
sample sizes are limited to a few hundred milligrams, unless larger bore coils are
employed in CCC.

A few obvious advantages over LC are (1) sample loss is minimal and even the
samples precipitated in the column can be recovered easily; (2) sample deterioration is
minimal; (3) there is no tailing of the solute peaks due to the adsorption effects of the
solid support; (4) there is no contamination due to the use of solid supports; (5) high
reproducibility; (6) prediction of the location of the solute peaks is possible simply by
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measuring the P.C.s of the sample; (7) the system provides the choice of the mobile
phase, either aqueous or non-aqueous and either upper or lower phase; (8) the large
amount of the stationary phase allows a large sample loading capacity; and (9) the
column is easily cleaned and can be reused almost indefinitely. One major disadvan-
tage of CCC over LC s the separation time, which is very long; it takes at least 10 h to
yield several thousand theoretical plates, whereas HPLC can produce comparable
separations in less than 1 h. Despite the limitation of long separation times, CCC
appears to be useful for the separation of polar compounds from the crude mixtures.
It will not replace conventional chromatographic methods such as TLC, GC and
HPLC, but is complementary. When used alone or in conjunction with these meth-
ods, CCC is of great help for the separation of plant hormones.

CONCLUSIONS

The limited work presented in this paper demonstrates that CCC appears to
have great potential for the separation of plant hormones and other growth sub-
stances in an efficient manner. Neither expensive columns nor costly instruments are
required in this type of separation. With the availability of different CCC prototypes,
separation can be carried on on either an analytical or a preparative scale. When
desired, gradient elution can be performed in a manner similar to HPLC. In retro-
spect, this method may have wide applicability for the total hormonal analysis of
plant samples after conventional extraction methods give acidic, basic and neutral
fractions, each of which could be successfully analyzed following the procedures
outlined above.
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SUMMARY

A thin-layer chromatographic method with flame-ionization detection for the
quantitative evaluation of mixtures from a reaction of chloromethanesulphonanilide
with ethyl chloroacetate is described. The best results were obtained using Chro-
marods S II with n-hexane—dichloromethane-methanol (25:25:0.25 as the solvent
system). The good accuracy and reproducibility in the range 2.5-100 ug suggest that
this method could be of appreciable value for the analysis of compounds wit
chlorine and sulphur in the molecule, e.g., for monitoring syntheses of pesticides.

INTRODUCTION

The combined use of thin-layer chromatography with a flame-ionization detec-
tion (TLC-FID) represents a significant advance as a method applicable to screening
in biomedical and pharmaceutical areas!-?. This sensitive, relatively simple and rapid
procedure also offers advantages in characterizing surfactants®, fuel oils* and food
additives®, as well as for industrial research® analyses.

This paper reports our experiences with the TLC-FID technique in analysing
products from the reaction of chloromethanesulphonanilide with ethyl chloroacetate.
(Ethoxycarbonylmethyl)chloromethanesulphonanilide, appears to have a consider-
able application potential in herbicide preparations’.

EXPERIMENTAL

Reagents and chemicals

Chloromethanesulphonanilide (CMSA) and N-(ethoxycarbonylmethyl)chloro-
methanesulphonanilide (Et-CMSA), prepared in our Institute, were at least 999
pure, melting points 74 and 51°C, respectively. Ethyl stearate (ES) (puriss.) was ob-
tained from Fluka (Buchs, Switzerland).

All solvents were of reagent grade and were dried and distilled in glass before
use.

0021-9673/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company
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Apparatus and conditions

The latroscan TH-10 Analyser, Mark II (latron Labs., Tokyo, Japan; dis-
tributed by Newman-Howells Assoc., Winchester, Hants., Great Britain) was con-
nected to a Spectra-Physics Computing Integrator System 1 and a Linseis LS 24700
single-pen linear recorder.

Glass developing tanks (latron) were lined with Whatman No. 2 filter-paper
which was pre-washed with mobile phase A or B (see below).

The stationary phase was Chromarod S 11 (Iatron) and the mobile phase were
(A) n-hexane-benzene-methanol (40:10:0.5) and (B) rn-hexane—dichloromethane-
methanol (25:25:0.25). The scanning speed was 0.31 cm/sec (30-tooth gear), the chart
speed 100 cm/min and the recorder range 100-800 mV full-scale.

Standard test mixtures

Seven standard solution mixtures were prepared for evaluation purposes. They
included ethyl stearate as an internal standard and CMSA and Et-CMSA in various
proportions (Table I).

TABLE ]
COMPOSITION OF STANDARD SOLUTIONS

The concentration of ES was 5.0 gg/ul in all mixtures.

Mixture  Concentration (ugful) Weight-%,

No.
FEt-CMSA CMSA ES Et-CMSA CMSA

I 10.0 0.5 32.3 64.5 3.2

2 5.0 2.5 40.0 40.0 20.0

3 2.5 5.0 40.0 20.0 40.0

4 1.0 10.0 31.3 6.2 62.5

5 2.1 2.4 52.6 22.1 25.3

6 30.0 29.3 7.8 46.6 45.6

7 0.5 10.0 323 32 64.5
Procedure

A new set of Chromarods was twice blank-scanned in the FID burner and then
immersed for 12 h in concentrated sulphuric acid. Prior to use, the rods were washed
five times with ca. 200 ml of distilled water, dried for 10 min in a glass oven at 130°C
and then subjected to a final single blank-scan. The activated Chromarods were then
spotted with 1-ul portions of sample or standard solutions and developed for 30 min
in one of the above-mentioned solvent mixtures. After oven-drying for 7 min at
100°C, the Chromarods were transferred to a scanning frame for detection.

Treated Chromarods whose low “noise” uptake was apparent or the separat-
ing capacity of which appeared to deteriorate (after ca. 5-7 analyses) were cleaned by
immersion for 1 h in 6 N hydrochloric acid and by 5-6 subsequent washings with
distilled water.
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RESULTS AND DISCUSSION

Separation and Ry values

Of the many developing solvents previously tested, two appeared to be most
suitable. As shown in Fig. 1a and b and in Table 11, solvent B seems to be preferable
because of a better baseline (lower FID noise)} and good resolution of the three
components in the central zone of the chromatogram, all of which provided a realistic
basis for better reproducibility of analyses.
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Fig. 1. Chromatogram of standard mixture No. 3. (A) Solvent system A; (B) solvent system B. Recorder
range: 200 mV full-scale.

TABLE I

Ry VALUES OF Et-CMSA, CMSA AND THE INTERNAL STANDARD (ES) IN SOLVENT
SYSTEMS A AND B

Solvent ES Et-CMSA CMSA
A 0.81 0.35 0.16
B 0.65 0.52 0.42

Response of the FID and evaluation of the analyses

It is known in gas-liquid chromatography with an FID that the response of
organic compounds depends on the proportion of carbon atoms that contain little or
no oxygen®. This relationship need not be valid in TLC-FID, where the absolute
weight response is a complex question involving both mechanical and chemical ef-
fects!, e.g., the operating parameters of the detector’-?, the relative volatility of the
separated organic matter, the interaction between the organic material and adsor-
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bent'® and the shape and the position of the separated components on the Chro-
marod®.

Nevertheless, under strictly controlled conditions, it may be assumed that FID
responses are reproducibly proportional to the amounts of the components spotted.
This relationship is presented in eqns. 1-3 from the analyses of standard mixtures
(Table I) on seven different rods by means of the least-squares method using a digital
computer:

A = 18x, (r = 0.998) (1
Apga = —9.6 + 12.1xp, (r = 0.990) (2)
Ay = —10.1 + 8.8x, (r = 0.998) (3)

where A, is the relative area of a particular peak (the reading from the computing
integrator x 1073, x; is the amount spotted, the subscripts EA and A correspond to
Et-CMSA or CMSA, respectively, and r is the regression coefficient.

As can be seen, the characters of the calibration straight lines of the internal
standard and of the two biocides are slightly different; the former line passes through
the origin, whereas the latter two intersect the amount axis at 0.8 ug (Et-CMSA) and
1.1 ug (CMSA).

From the regression equations it can be concluded that K5 ;,,, are about 1.5
for Et-CMSA and 2.1 for CMSA (K, of the internal standard = 1.0) (Fig. 2).

40}

30l

2 10 20 ug

Fig. 2. Plot of Ky, versus amount spotted.

From a comparison with theoretical Kg,, values, calculated from the molar
percentages of carbon in the analysed components, one can deduce that the response
of CMSA seems to be proportional to the content of aromatic carbons or, in other
words, the carbon atoms that are bound to chlorine or sulphur do not contribute to
the total response. However, the response of Et-CMSA s higher than that which
corresponds to the content of total carbon atoms in the molecule (Table I111).
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TABLE 111
THEORETICAL K¢y, VALUES

Kgp = reciprocal response

Type of carbon  Et-CMSA*  CMSA*

A B A B

AllC 1.67 1.56 173 1.65
Aromatic C 195 171 202 192

* A, calculated from the percentage of the total carbon atoms in the internal standard (76.9 %); B,
calculated from the percentage of non-carbonyl carbon atoms in the internal standard (73.1 %).

At this stage, no attempt has been made to provide an explanation for the
different behaviour of the two compounds, which illustrates the complexity of FID
responses in the TLC-FID technique.

From eqns. 1-3, the relationships for the concentration ¢; (in mg/ml) or per-
centage P, of a component / in the sample solution can be written as follows:

XgAC
dps = L:_E 4)
s
Xalis
3 — 15\
b Xis Y
P, = _ Yea | 100 (6)
Xga T Xa
X
P, =—"2 100 7
AT )

The values of ¢ and x5 are known.

Accuracy and reproducibility

The accuracy of the method was checked by comparing theoretical values with
averaged data, obtained from seven replicate analyses of standard mixtures 1-7 (see
Table I). The results are summarized in Table IV.

Reproducibility was determined from the same experimental data by calculat-
ing the coefficients of variation (C.V.) (Table V).

It was shown that, within the range 2.5-30 pg, the experimental values are
sufficiently accurate and differ from the theoretical values by only ca. 3%. At lower
concentrations, however, the relative accuracy was strongly reduced and the corre-
sponding deviations were, in some instances, greater than 1009/, i.e., the validity of
the equations for Et-CMSA and CMSA is limited to values of x; greater than 2.5 ug.
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TABLE IV

COMPARISON OF THF THEORETICAL AND EXPERIMENTAL COMPOSITIONS OF
STANDARD MIXTURES 1-7 (TABLE I)

Et-CMSA (wi.-%,) CMSA (wt.-%,)

Mixture  ES (w1.-%)

No. T - - -
Theoretical ~ Experimental — Theoretical ~ Experimental — Theoretical — Experimental

1 32.3 31.0 64.5 61.1 3.2 7.9

2 40.0 41.2 40.0 39.4 20.0 19.4

3 40.0 41.1 20.0 19.3 40.0 39.6

4 31.3 29.8 6.2 8.9 62.5 61.3

5 52.6 51.3 22.1 21.2 253 275

6 7.8 7.5 46.6 47.1 45.6 454

7 32.3 31.2 3.2 7.1 64.5 61.7

TABLE V

COEFFICIENTS OF VARIATON VERSUS THE AMOUNT OF Et-CMSA AND CMSA SPOTTED
Amount of ES spotted = 5 ug.

Mixture ES Ei-CMSA4 CMSA
No. CV. (%)

Hg CV. (%) vg CV.(%)

1 2.2 10.0 1.6 0.5 480
2 2.8 5.0 0.9 25 103
3 1.9 2.5 3.8 5.0 3.5
4 4.1 1.0 6.8 10.0 1.8
5 2.6 2.1 4.1 2.4 4.8
6 2.9 30.0 1.4 29.3 1.5
7 3.2 0.5 144 10.0 1.3

Similarly, the reproducibility of the calibration data also depends on the
amount of substance analysed. In the concentration range below 2 ug it was poor
(C.V. 10-50%); above 10 ug, however it was very good (C.V. ca. 1-2%), i.e., compa-
rable to, or even better than, that of acylglycerols and fatty acids''.

The lower accuracy and reproducibility in the range 0.5-2 ug could be deduced
from the non-linear dependence of the FID response on the loading of the rod. This
behaviour could be caused not only by incorrect setting of the parameters of the
computing integrator (i.e., the preference of the small peaks which could be inte-
grated together with part of the baseline), but also by the influence of elements other
than carbon and hydrogen in the analysed material’ and those in the thin layer.

The amount of sample accepted by the rod without any deterioration of sepa-
ration and signal deformity may be influenced by many variables, including the sepa-
ration ability of the Chromarod in a particular solvent system, the number of com-
ponents in an analysed mixture and the chemical constitution of the separated com-
pounds.



TLC-FID OF CHLOROMETHANESULPHONILIDE 333

It was found advantageous to keep the amount of a single component spotted
in the range 1-10 ug. Nevertheless, in mixtures containing minor components it might
be necessary to operate with higher loads in order to obtain sufficient accuracy and
reproducibility at small concentrations. Included in such instances are reaction mix-
tures of Et-CMSA and CMSA, especially those taken from the starting or final period
of the synthesis.
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Fig. 3. TLC-FID analysis of the reaction mixtures. (A) Starting period of the reaction; (B) final period of
the reaction. Solvent system B. Recorder range: 300 mV full-scale.

TABLE VI

TLC-FID ANALYSES OF SAMPLES FROM THE REACTION OF CMSA WITH ETHYL
CHLOROACETATE

Analysis Starting period (wt.-%,) Final period (wt.-%,)
No.
ES Ei-CMSA CMSA ES Et-CMSA CMSA

1 17.07 1.66 81.27 19.08 78.93 1.99
2 17.48 1.57 80.95 19.78 78.38 1.84
3 16.56 1.32 82.12 19.76 78.20 2.04
4 17.54 1.53 80.93 19.18 78.80 2.02
5 17.74 1.39 80.87 20.34 71.55 2.11
6 17.30 1.47 81.23 20.12 77.90 1.98
7 17.42 1.63 80.95 19.37 78.41 2.22
Mean 17.30 1.51 81.18 19.66 78.31 2.03

CV. (%) 2.5 83 0.6 24 0.6 6.9
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The results of the analyses of two such mixtures are shown in Fig. 3 and 1able
VI.

In these analyses, each rod was spotted with ca. 120 pg of the dry substance,
i.e., with about 100 g of the major and 2 ug of the minor component. In spite of such
high loads, the separation of all the peaks was sufficient and the coefficient of vari-
ation of the minor component was well below 10 9 and that of the major components
even below 19/

TABLE VII
COMPARISON OF TRUE AND OBSERVED COMPOSITIONS OF STANDARD SOLUTIONS AT
HIGHER LOADINGS

Average values of seven replicate determinations.

Mixture  Compound Amount  True Observed CV. (%) Absolute Relative

No. spotted composition  composition error error (%)
(ug) (wi.-%;) (wi-%) (wt.-%)

8 ES 20.6 16.7 17.2 3.7 +0.5 29
Et-CMSA 1.6 1.3 1.1 22.0 ~0.2 15.4
CMSA 101.5 82.0 81.7 0.6 ~-0.3 0.4

9 ES 19.9 16.5 16.9 1.8 +0.4 2.4
Et-CMSA 98.0 81.0 80.8 0.5 -0.2 0.2
CMSA 3.0 2.5 23 8.0 -0.2 8.0

To ascertain whether eqns. 1-3 are valid also at these high spotted amounts,
two further standard solutions were prepared. The results given in Table VII are
sufficiently precise and accurate to show the applicability ot these relationships.
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The similarity of the physical and chemical properties of close-boiling aromatic
and heterocyclic isomers poses serious problems in their separation. Techniques such
as distillation, liquid chromatography, thin-layer chromatography and counter-cur-
rent distribution frequently suffer from long analysis times, poor resolution and com-
plexity of operation. Gas chromatography (GC) promises to be a fast, simple and
efficient technique for this purpose and has been studied by various workers.

Various stationary phases have been used for the separation of close-boiling
isomeric pairs such as m- and p-xylenes', m- and p-dichlorobenzenes*>, m- and p-
tolualdehydes®, m- and p-tolunitriles’, 1- and 2-methylnaphthalenes®, 3- and 4-
methylpyridines®*!, 2,4- and 2,5-dimethylpyridines'®'?, quinoline and iso-
quinoline*'*3, m- and p-toluidines!*, m- and p-cresols!>'” and 2,4- and 2,5-xy-
lenols!®-18, However, no work appears to have been published on the GC separation
of 3- and 4-cyanopyridines, 3- and 4-acetylpyridines, m- and p-dibromobenzenes or
m- and p-bromobenzaldehydes. Even Bentone 34 (occasionally modified with a
suitable liquid phase), which had been tried for the resolution of the largest number of
isomeric pairs, was not universally satisfactory in terms of resolution, efficiency, peak
symmetry, elution time, etc.

Rubidium benzenesulphonate (RBS) has been found to be an efficient
stationary phase for the complete separation of 2,4- and 2,5-xylenols'®2!, an isomeric
pair that had hitherto defied all attempts at a satisfactory separation by other work-
ers. RBS was also found equally suitable for the separation of 2,4- and 2,5-dimethyl
pyridines*® and m- and p-cresols'®21. This paper considers the potential of RBS for
the separation of other close-boiling isomers.

EXPERIMENTAL

The close-boiling isomeric pairs used in this study were chosen according to
their availability. Whenever possible, pure chemicals were used; impure materials
were purified by distillation or recrystallization. Two acidic, six basic and seven
neutral isomeric pairs were studied (Table I).

0021-9673/82/0000-0000/802.75 © 1982 Elsevier Scientific Publishing Company
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Experiments were carried out with a Perkin-Elmer 810 gas chromatograph
fitted with a flame-ionization detector and a 1-mV Honeywell recorder. Stainless-steel
columns (6 ft. x 1/8in. O.D.) were used with nitrogen as the carrier gas (30 ml/min).
The packing materials were prepared by slurrying the stationary phase, dissolved in a
water-methanol mixture, with support, followed by removal of the solvent by heat-
ing.

Two columns were prepared as follows: A, 409, RBS + 29 Carbowax 20M
+ 29 ascorbic acid on Chromosorb P NAW (80-100 mesh); B, 405 RBS + 29,
Carbowax 20M on Chromosorb P NAW (80-100 mesh). Column A was used for
phenolic isomers and column B was used for the other isomers. Column A was
activated at 175°C for 2 h under a flow of nitrogen. The temperature of activation was
maintained below 181°C, as ascorbic acid decomposes above this temperature.
Column B was similarly activated at 200°C for 3 h. The sample size was about 0.2 pl.

The separation factor (SF) was calculated using the following equation

. (D

where, dy and dy_are retention distances of components a and b, respectively (see
Table I).

The general egn. 2 for determining the resolution (R) was not found suitable
for partially resolved peaks, particularly for studying the decrease in resolution.
— dy

dg )
I S 2)
Wi + Wi

i

R = 118

where W, ; and W, ; denote peak width at half-height for compounds i and j,
respectively. The following equation?? was ultimately used throughout for determin-
ing the resolution:

R =72.100 3)
g

where g is the length of the perpendicular drawn on the baseline through the lowest
point of the trough between two resolved peaks up to the line joining the uppermost
points of the two peaks, and f'is the portion of the perpendicular from the lowest
point of the trough to the point of intersection with the line joining the uppermost
points of the two peaks. For two completely separated peaks the resolution is 100.

RESULTS AND DISCUSSION

Table 1 presents the resolutions and other characteristics for the isomeric pairs
studied on the activated column. No universal and unique parameter could be identi-
fied that governs the retention behaviour of all of the isomeric pairs studied. Probably
itis the concerted effect of ligand (lone electron pairs of the isomers)-Lewis acid (Rb*
ion) interactions, hydrogen bonding, dipole-dipole interactions, etc., with varying
contributions that determine the elution characteristics. It is worth mentioning that
the separation factor (2.02) and the extent of separation (Fig. 1) for quinoline and
isoquinoline achieved in this work are probably the highest among those reported so



NOTES 337

far. The elution times of the completely separated pairs such as m- and p-dichloroben-
zenes (Fig. 2) and m- and p-dibromobenzenes are also the shortest reported so far.

Activation plays a crucial role in enhancing the effectiveness of the stationary
phase. It has been observed that significant resolution is possible only when the
column is activated®. In this work, the decrease in resolution as a function of time,
when an activated column was subjected to prolonged use, was studied. Necessarily,

TABLE I
RESOLUTIONS AND OTHER CHARACTERISTICS OF DIFFERENT ISOMERIC PAIRS

Isomers Boiling  Column Column  SF R Time of

point temperature (%) elution

(°C}) (°C) (min)
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studies were conducted only on those isomeric pairs for which the column tempera-
tures were low enough to preclude any in situ reactivation of the columns. Seven
isomeric pairs were chosen for this purpose. Studies on the corresponding resolutions
were determined at an interval of 20~24 h. Fig. 3 shows the gradual deactivation
behaviour of columns A and B, activated (once only) at 175°C for 2 h and at 200°C
for 3 h, respectively. Column deactivation and the decrease in resolution can be seen
to be the fastest for m- and p-toluidines and the slowest for 1- and 2-methylnaph-
thalenes.

CONCLUSION

Fifteen close-boiling isomeric pairs were efficiently separated on a single
stationary phase (RBS modified with Carbowax 20M, with or without ascorbic acid)
probably for the first time. Some of the separations were highly satisfactory. Column
deactivation studies were carried out in order to obtain an idea about the column life
for specific isomeric pairs.
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CHROM. 15.116

Note

Simple method for the removal of fines from even-sized column
packing

J. R. RUNYON*
Central Research Plastics Laboratory, The Dow Chemical Company, Midland, M1 48640 (U.S.A4.)

(Received June 16th, 1982)

In an attempt to clean up a batch of used controlled porosity glass (CPG,
Electronucleonics) which had been screened to 44-53 um size before use, we made a
slurry of it in toluene (on the assumption that the contaminant was polymer). Then
we attempted to remove the toluene on a sintered, ultrafine glass filter (Pyrex No.
36060) using a nitrogen pressure filter arrangement. The pores in this filter are nomin-
ally 0.9 to 1.4 um so it was assumed that the toluene solution would pass easily and
that the CPG would remain on the filter. However, the flow stopped after a few drops.
Changing to a new “UF” filter produced the same results. We then tried a “coarse”
filter without checking the pore size. The toluene “solution” ran through rapidly and
was cloudy. Repeated slurrying and filtering through the same filter eventually gave
a clear filtrate and clean-appearing CPG.

The nominal pore size of the “coarse” sintered glass filter is 40 to 60 um,
considerably larger than the particle size of the CPG. We deduced that the 44-53-um
particles must lodge in the tortuous path through the filter producing a filter bed of
thc same porosity as the chromatographic column itself. Anything that would pass
through the column would pass through the filter bed. The “fine™ frit hud been
plugged by something smaller than the screened packing.

Microscopic examination of the solids that settled out of the filtrate showed
that they were, in fact, glass particles. A few of the glass particles were 44-53 um in
size, but mostly they were much smaller. The supernatant toluene solution was evap-
orated and the residue was polymer, as expected. It appeared that it had been broken
pieces of the glass that had plugged the column end frits and the “fine” filter.

A fresh batch of screened CPG of the same size was slurried in acetone and
filtered on a “‘coarse” filter. The filtrate again contained some glass pieces (mostly
very small) and broken fragments, but a few were in the 44-53-um range. The CPG
on the funnel was dried by blowing nitrogen through it and then was dumped out and
the funnel brushed to remove traces. Reversing the nitrogen flow blew out a cloud of
CPG that was entirely in the 44-53 um range. This packing evidently had lodged in
the tortuous pathways through the sintered glass in spite of the fact that the nominal
porosity of the sintered plate was considerably greater than the particle size. After

* Retired from The Dow Chemical Company. Present address: P.O. Box 2031, Midland, M1 48640,
U.S.A.
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becoming lodged, this packing presented essentially the same porosity to migrating
pieces (fines) as the column itself had presented.

The same technique was used to remove fines from 10-um CPG (CPHGS,
Electronucleonics) and from a sample of uStyragel (Waters Assoc.) with the same
results. Microscopic examination of the packings before and after the cleanup showed
that a very small fraction of fines initially present had been removed.

It would be expected that fines in a column would migrate to the end and if the
end frit had pores of a size similar to or smaller than those fines, it would soon
become plugged. On the other hand, a large pore end frit would allow fines to pass. In
this case, the column would be cleared of fines before connecting the detector, or a
second frit, in a “‘zero-volume™ fitting that could be changed when it became plugged
would follow the column. As an example, a 10 ft. x 2.2 mm I.D. column was closed
at the outlet with a 45-um stainless-steel frit and packed with CPGHS from a water
shurry in an ultrasonic bath. When this column was put in operation, the first eluent
was cloudy, and contained CPG particles from 10 um down in size. After several
column volumes had passed, the eluent became clear, and the column was put into
use.
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CHROM. 15,073

Note

Alternating-current polarographic detection for reversed-phase ion-
pair high-performance liquid chromatography of some benzoic acids

WLODZIMIERZ KUTNER

Institute of Physical Chemistry of the Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw
(Poland)

(First received March 19th, 1982; revised manuscript received May 27th, 1982)

Electrochemical detection has been successfully employed in reversed-phase
ion-pair high-performance liquid chromatography (HPLC) in the separation of
catecholamines and some other 3,4-dihydroxyphenylamines and carboxylic acids'™,
with an ionic detergent, octylsulphate!™ or anions of strong inorganic acids and of
trichloroacetic acid* as counter ions. Detection was performed with the aid of a flow-
through thin-layer cell with a carbon paste sensor electrode. Because at carbon elec-
trodes the differential capacity of the double layer at the electrode—solution interface
cannot be measured reproducibly, only the faradaic response could be monitored in
the amperometric mode of operation. Hence the determination was limited to redox
substances only. However, using a dropping mercury electrode {DME) as the senser
electrode, non-faradaic signals can also be exploited and thus the presence of elec-
troinactive substances that cause the change in the differential capacity can be de-
tected in the column effluent>!!. Alternating-current (a.c.) polarography in both the
total current®>7:'%!1 and phase-sensitive® modes and also alternating-voltage (a.v.)
polarography®'° have been used for this purpose and it was possible to determine
aromatic hydrocarbons®”, alkyl alcohols, alkyl carboxylic and sulphonic acids, dif-
ferent surfactants of the polyethylene glycol monoether type®, cholanoic acids®1% and
taurine conjugates of cholanoic acids*'.

In this paper we demonstrate the usefulness of a.c. polarographic detection in
which the non-faradaic admittance is recorded for ion-pair HPLC. Benzoic, 4-hydro-
xybenzoic and acetylsalicylic acids, i.e., compounds that are electroinactive but sur-
face active on the DME, were chosen as model compounds. The separation con-
ditions for these compounds in ion-pair HPLC with UV detection have been given
elsewhere!?.

EXPERIMENTAL

Acetonitrile “for chromatography’ (E. Merck, Darmstadt, G.F.R.) and doubly dis-
tilled water were used for the preparation of mobile phase solutions. Tetrabutylam-
monium hydroxide (TBAOH) was prepared from tetrabutylammonium iodide (E.
Merck) according to a described procedure!?. All other chemicals were of analytical-
reagent grade.

0021-9673/82/0000-0000/$02.75 € 1982 Elsevier Scientific Publishing Company
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Chromatographic experiments were performed using a Model 302 HPLC ap-
paratus with a 5-ul injection valve and a type FTPD-101'>'* flow-through polaro-
graphic detector (both made at the Institute of Physical Chemistry, Warsaw, Poland).
The column used was a 250 x 4 mm I.D. stainless-steel column slurry packed'® at
435 kg/m? with 10-uym LiChrosorb RP-1§ (E. Merck) using tetrachloromethane—
dioxan (1:1, v/v) as the suspending liquid. The flow-rate of the mobile phase was 1 ml/
min.

A.c. polarographic recording was carried out with the use of a Radelkis OH-
105 universal polarograph (Radelkis, Budapest, Hungary), operating at a frequency
of 60 Hz and an amplitude of the alternating voltage, 4E, ., of 15 mV. The charac-
teristics of the polarographic capillaries measured in the mobile phase solution were
as follows in the steady-state a.c. polarographic expertments: m = 5.62 mg/sec, {; =
1.6 sec at E = —0.1 V vs. Ag/AgCl and hy, = 60 cm; and in HPLC experiments:
m = 3.06 mg/sec, {, = 0.81 secat E = —0.1 V vs. Ag/AgCl and Ay, = 55 cm. The
potential applied to the DME in the HPLC experiments was £ = —0.1 V.

RESULTS AND DISCUSSION

A.c. polarographic detection of non-faradaic signals is possible only if a dif-
ference is observed between the curves of the double layer capacity vs. potential
measured in blank solution and in the presence of a sample substance. Therefore,
prior steady-state experiments are necessary for this purpose. For benzoic and 4-
hydroxybenzoic acids adsorption studies at the DME only from aqueous solu-
tions have been reported®!”. Therefore it was necessary to record a.c. polarographic
curves for all of the sample acids in a solution of the composition of the mobile phase
for ion-pair reversed-phase HPLC (Fig. 1). The most pronounced differences between

——

.......,___~__._...._.__:’ g
<
L

e
s

i L 1 I 1 I

0 1 1 1
0.2 -0.2 -06 -1.0 -14 E/V vs.Ag/AgCl

Fig. 1. A.c. polarographic mean capacity current, 7, as a function of potential for acetontrile-1/15 M
phosphate buffer (pH 6) (20:80, v/v) (1), containing 2- 10~2 M TBAOH (2) and 2- 10~2 M benzoic acid (3),
21072 M acetylsalicylic acid (4), 5- 10~ M 4-hydroxybenzoic acid (5) or 21072 M 4-hydroxybenzoic
acid (6).
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the curves of the mean capacity current, 7, vs. £ recorded in the presence and in the
absence of the acids are observed at a relatively positive potential range, which is why
the potential, £ = —0.1 V vs. Ag/AgCl, was further applied to DME in HPLC
experiments (Fig. 2). The 7. vs. £ curve for the blank solution is altered more by 4-
hydroxybenzoic acid than by acetylsalicylic acid and least by benzoic acid. The elu-
tion of the acids proceeds in the same order (Fig. 2). This order, however, contrasts
with the regularity observed, for instance, for homologous alkylbenzenes, for which
the stronger the adsorption at the DME the greater is the retention time in a reversed-
phase system'®. In the multi-component system studied here a detailed discussion of
the properties of the double layer at the DME is difficult and was not attempted
because much more experimental data would be needed.

1

T T T i T 0l

0 4 8 t/min
Fig. 2. HPLC results for 125 nmole of each of (1) 4-hydroxybenzoic acid, (2) acetylsalicylic acid, (3)
benzoic acid with a.c. polarographic deteciion. £ = —0.1 V vs. Ag-AgCl, 4£, . = 15mV; mobile phase,

acetonitrile-1/15 M phosphate buffer (pH 6) (20:80, v/v)-0.02 M TBAOH, flow-rate, 1 ml/min; column,
250 x 4 mm 1.D., LiChrosorb RP-18 (10 um); sample size, 5 pl.

It is worth noting that in the mobile phase of pH 2 in the absence of TBAOH,
i.e., under conditions relevant to reversed-phase HPLC of the acids'?, alterations of
the 7. vs. £ curves by the acids were not large enough for a.c. polarographic detection
to be applied, using a chosen potential common for all acids.

Tetrabutylammonium as the counter ion was added to the solution of the
mobile phase in the form of TBAOH because other anions were inconvenient either
for detection or for separation. For instance, perchlorates, which exhibited negligible
adsorption at the DME, interfered strongly in ion-pair separations and peaks 2 and 3
in Fig. 2 were not separated. On the other hand, iodides, which have no effect on ion-
pair separations, affected strongly the 7. vs. £ curves and no effect of the acids studied
could be measured. The tetrabutylammonium cation is strongly adsorbed at the
DME in aqueous solutions at negative potentials'®~2'. It drastically changed the
shape of the 7. vs. E curves in the mixed aqueous-methanol solution of the mobile
phase at negative potentials and a sharp peak was observed (curve 2 in Fig. I).
However, at positive potentials the TBA cation caused no characteristic changes in
the 7. vs. £ curves.

Fig. 3 shows (a) calibration graphs of the peak surface area against the number
of moles injected and (b) the logarithm of the peak surface area against the logarithm
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Fig. 3. Dependence of (a) peak surface area on amount of sample injected and (b) logarithm of peak
surface area on logarithm of concentration, for (1) 4-hydroxybenzoic acid, (2) acetylsalicylic acid and (3)
benzoic acid. Separation conditions as in Fig. 2.

of concentration over a wider concentration range. The response index of the detec-
tor, calculated for all acids from the slope of the curves in Fig. 3b, was close to unity
(the mean value of the correlation coefficient was 0.997) over a concentration range of
at least one order of magnitude. At higher concentrations deviations from linearity
were observed (broken lines in Fig. 3b) owing to the non-linearity of the adsorption
isotherms of acids at the DME. For concentrations of 4-hydroxybenzoic acid exceed-
ing 4-1072 M the HPLC peak was split into two. This may be explained by the
observed strong dependence of the adsorption peak on the 7. vs. E curve on the
concentration of 4-hydroxybenzoic acid ie. with an increase in the concen-
tration of 4-hydroxybenzoic acid the adsorption peak decreases and shifts towards
more negative potentials. At high concentrations the shape of the 7. vs. E curve is
changed and a decrease in . is observed at positive potentials (curve 6 in Fig. 1). This
may indicate phase transition of the adsorbate at the DME. Because of this com-
plicated adsorption effect, careful potential control is essential for detection in HPLC
experiments.

The sensitivities calculated from the intercept in Fig. 3a or the slope in Fig. 3b
of the straight lines were 1240, 280 and 480 uC/mole for 4-hydroxybenzoic, ac-
etylsalicylic and benzoic acid, respectively. The linear dynamic range extends for at
least one order of magnitude and the detectability of 4-hydroxybenzoic acid is 0.625
nmole per 5-ul injection at a signal-to-noise ratio of 2.
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In conclusion, it has been demonstrated that under carefully chosen conditions
a.c. polarographic detection based on the changes in the double layer differential
capacity i1s possible even in such a complicated system as reversed-phase ion-pair
HPLC.
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Note

Gas chromatographic analysis of the vapours and gases discharged
from the thermal fields of Kamchatka

V. B. BONDAREV*, N. V. PORSHNEYV and D. F. NENAROKOV
Space Research Institute, Academy of Sciences of the U.S.S.R., Profsojusnaja 88, 117810 Moscow

(U.S.S.R.)
(First received March 15th, 1982; revised manuscript received May 26th, 1982)

Studies into the composition of vapours and gases discharged during solfataric
and fumarolic activity of volcanoes are of great interest not only for solving the
problems of the geology, volcanology and utilization of thermal springs, but also for
elucidating the abiogenic synthesis of various organic compounds.

Volcanic gaseous products contain hydrogen, water vapour, carbon mon-
oxide, carbon dioxide, nitrogen, hydrogen cyanide, ammonia, hydrocarbons!~>, and
other components that can, under certain conditions, yield more complex substances
as a result of reactions®®.

Reliable determination of the chemical composition of gases is complicated by
a number of factors, the effect of which on the analysis results is difficult to assess.
These include (1) difficulties in sampling, arising from elevated temperatures, dilution
of the gases with air, etc., (2) variations in the composition of the sample during its
storage and preparation for analysis and (3) changes in the composition of gas sam-
ples taken from a particular hydrothermal system in the course of time.

Although the analysis of volcanic gases by various methods has been widely
covered in the literature, including tables summarizing worldwide data®'°, the inter-
pretation of most measurement results is difficult for the above reasons. This is
particularly true for gases discharged by active volcanoes during eruption. The lack of
satisfactory data concerning the composition of such volcanic gases has been men-
tioned elsewhere®!!,

However, recent work published by Tazieff’s group’? shows the possibility of
determining the chemical composition of volcanic gases at the eruption site with the
aid of a field chromatograph. The analysis of gases in situ considerably enhances the
reliability of measurements and allows the actual ratio of the components of mixtures
to be determined at a particular point in time.

To solve these problems and to determine chromatographically the compo-
sition of gases at the point of sampling, a field chromatograph has been developed.

EXPERIMENTAL

Laboratory and field tests on the self-contained portable gas chromatograph
have shown that its sensitivity threshold, in the case of calibration with air, is about

0021-9673/82/0000-0000/302.75 © 1982 Elsevier Scientific Publishing Company
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1072 g, the current through the bridge of the thermal conductivity cell (Gow-Mac,
Madison, NJ, U.S.A.) being 150 mA. Calibration graphs were derived from peak
areas. The samples were separated on stainless-steel columns (1.5 m x 2 mm L.D.)
packed with Porapak Q (100-120 mesh) (Waters Assoc., Milford, MA, U.S.A.). The
detector and columns were housed in a common thermostat which is essentially a
steam-jacket. The measurements were carried out isothermally at ambient tempera-
ture and at the boiling point of the heat-transfer medium.

The total weight of the field chromatograph is 5.5 kg, including the bottle of
carrier gas. The power supply to the instrument consists of 12-V silver—zinc batteries.
The instrument was designed for 8 h of continuous operation. The electronic part of
the instrument was illustrated and its applications described in an earlier paper'?.

The sampling of gases with a high water vapour content were carried out using
procedures described elsewhere! !4, without using any solutions absorbing individual
components.

The gas samples from the Nizhne—K oshelevsky thermal field were taken in 1979
in 150-200 cm? glass ampoules that had been washed and evacuated in advance,
which were immediately sealzd. In 1980 gas samples were also taken in evacuated
glass ampoules provided with an air-tight injector having a silicone-rubber septum.
However, such ampoules were later found to be permeable to air when samples are
stored for a long time in an evacuated state. The samples were analysed on Varian
Aerograph 1800 and Pye 104 chromatographs equipped with CDS-101 and Kent
Chromalog 2 integrators, then identified using an LKB-9000 gas chromatograph—
mass spectrometer. The separations were carried out with 2 m x 2 mm 1.D. giass
columns packed with Porapak Q (60-80 mesh) and molecular sieve 5A (50-80 mesh)
(Alltech, Ariington Heights, 1L, U.S.A)) and 1 m x 2 mm i.D. columns packed with
Tenax GC (30-60 mesh) (Applied Science Labs., State College, PA, U.S.A.).

RESULTS AND DISCUSSION

The results of ficld analyses showed that the major component in the vapours
and gases discharged from the thermal fields after water vapour, is carbon dioxide
(Table I). The concentration of methane does not exceed 1.59% by weight. The chro-

TABLE I
COMPOSITION OF GAS SAMPLES (WEIGHT- %)
Field analysis: August 1979.

Point of sampling (thermal fields) T(°C) 0, + Ar CO, H,S CH,
+ N,
Vostochnaya Pauzhetke well 97 40.9 57.1 N.D.* 2.0
Severo—Kambalny range
1st group, lower point 95 24 4 74.6 N.D. 1.0
Severo-Kambalny range,
Ist group, upper point, 95 17.2 81.8 N.D. 1.0

vapour-—gas spray

* N.D. = Not detected.
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matogram is shown in Fig. 1. Increasing the temperature to 100°C did not provide
any additional information about the composition of the gases.

Our field experience has shown that the use of a portable self-contained chro-
matograph offers the advantages of statistical reliability of the results and the possi-
bility of monitoring the sampling procedure, in view of the fact that the atmospheric
oxygen contaminating the volcanic gas during sampling often results in changes to
the chemical composition.

Oo+Np + AP
f

)

i 1 — 1 I 1

[¢] 1 2 3 4 min

Fig. 1. Gas sample from Vostochnaya Pauzhetka well. Field chromatograph. Sorbent, Porapak Q;
column, 1.5 m x 2 mm [.D.; sample volume, 300 pl; temperature of column and detector, 25°C; carrier
gas, helium (30 cm*/min).

However, an instrument designed for field application cannot incorporate
many of the advances in gas chromatography. The concentrations of some gases are
insignificant and lie below the sensitivity range of a field chromatograph. The separa-
tion of helium and hydrogen and of argon and oxygen requires low temperatures
and adequately conditioned columns. This is why field work should preferably be
complemented by laboratory analysis.

The use of a flame-ionization detector has made it possible to determine the
concentration of light hydrocarbons (C,—C¢). The results (Tables II and III) are
presented with due account for the correction factors taken from Dietz’s work!®. The
methane peak was selected as a reference as it is quantitatively present in all chroma-
tograms. The gas taken from well 9 is characterized by a high content of nitrogen and
methane with almost no water vapour. The argon to nitrogen ratio is almost twice as
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high as that in air. It has also been established that the condensates of the samples
taken in the Koshelevsky thermal fields contain Cy—C,, hydrocarbons, aromatic
hydrocarbons, aldehydes, etc.®. The results (Tables II and 11I) and published data®-!¢
suggest that the chemical composition of the gases from the Nizhne-Koshelevsky
thermal field has remained stable over several decades. The gas from well 10 was
sampled during drilling and provides no additional data except for having a unique
composition.
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Gas-liquid chromatographic assay of polycyclic aromatic hydrocarbon
mixtures: specifically modified method for rat tissues
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The metabolism of polycyclic aromatic hydrocarbons (PAHs) and mechanisms
through which they induce tumours in laboratory mice and rats following adminis-
tration of single compounds have been widely studied. However, little is known about
the distribution, availability, elimination and interactions of PAHs when a mixture is
administered. Until only a few years ago there were technical limitations to this
approach: the few reported methods involved too many steps; the analyses were
therefore time consuming and failed to achieve acceptable separations of some com-
pounds. Dao et al.* described a fluorimetric method for the determination of some
PAHs in various organs of rats; this method, however, could not be applied to PAH
mixtures because it required the preliminary separation of all of the individual com-
pounds. Analogous studies were reported by Flesher? on [*H]7.12-
dimethylbenzanthracene (DMBA) and by Kotin e al.* and Schiede et a/.* on ['*C]-
3,4-benzopyrene. As these methods required different isotopes for to labelling each
polycyclic hydrocarbon and did not discriminate between radioactivity bound to the
parent compound and its metabolites, they are difficult to use for the analysis of PAH
mixtures.

Gammal er al.® applied a combined method [thin-layer chromatography +
gas-liquid chromatography (GLC)] in a study of distribution of 7,12-DMBA in some
organs of rats, but the separation of the isomers was not possible. Howard et al.®,
McGinnis and Norris” and Grimmer and Hildebrandt® developed procedures for
determining PAH mixtures in smoked foods, high-protein foods, oils, fats and yeasts;
because of the high specificity and sensitivity required for such studies, the methods
involved many purification steps and very lengthy procedures.

Subsequently, Santoro er al.? developed a method for the determination of 11
PAHs in yeasts, involving a relatively rapid analyses and giving high sensitivity. This
present paper describes modifications to this method intended to simplify extraction
and to accelerate the assay of PAHs in different rat tissues for kinetic studies.

EXPERIMENTAL

Chemicals

Triphenylene and benzo[e]pyrene were supplied by Aldrich (Beersee, Belgium),
chrysene by EGA Chemie (Steinheim, G.F.R.) and benz[a]anthracene by Fluka
(Buchs, Switzerland). All PAHs were of 99 %/ purity.

0021-9673/82/0000-0000/$02.75  © 1982 Elsevier Scientific Publishing Company
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N.N’-Bis(p-phenylbenzylidene); x,«"-bi-p-toluidine (BPhBT) was prepared by
condensation of toluidine and p-phenylbenzaldehyde as described in previous pa-
pers®10. Silica gel 60 (70-230 mesh ASTM) was activated for 3 h in an oven at
120°C, then water was added (159,) with shaking. The silica gel was stored in a
stoppered flask at room temperature for about 2 h in order to allow the water to
distribute evenly. Alumina (Merck, 90 Aktiv) was prepared as described®.

All other reagents were of analytical-reagent grade and the water was doubly
distilled.

Animals

Tissues obtained from CD-COBS rats (Charles River, Italy) were utilized.
Blood was collected in a test-tube containing 10 % (v/v) of heparin (2 I.U.). Mammary
and parametrial adipose tissue, liver and brain were rapidly excised and frozen on
solid carbon dioxide. All samples were stored at —20°C until taken for analysis.

Apparatus

A Model 2450 gas chromatograph (Carlo Erba, Milan, Italy) with a flame-
ionization detector and a column (1.20 m x 3 mm 1.D.) packed with 2.5% (w/w)
BPhBT on Chromosorb W 100 were used; deteails of the column preparation and
conditions for the GLC assay were the same as previously described®1°,

Initial preparation of samples for PAH assay
After thawing, blood was diluted with 10 ml of doubly distilled water; brain
and liver were homogenized in 5 volumes of water (for liver homogenate only, an
amount corresponding to 2.5 g of the organ was used for PAH analysis).
Mammary and adipose tissue were hydrolysed [ethanol (10 volumes) + water
(3 volumes) + potassium hydroxide (1 g per g of tissue)] for 1 h under reflux at 80°C
on a hot-plate with a magnetic stirrer.

Extraction

All samples were extracted three times with 10 ml of cyclohexane (at S0°C,
shaking for 1 min, centrifugation for 5 min at 2500 g). The extracts of hydrolyzed
adipose tissue were further washed twice with water (10 ml) and dried with Na,SO,.

Purification

For blood, brain, liver and mammary tissues, the extracts were concentrated to
0.3-0.4 ml under a flow of nitrogen in a water-bath at 40°C, then purified by chroma-
tography on alumina [5 g with 10% (w/w) of water per sample] in a column (1 cm
I.D.) with a fritted disc and a PTFE stopcock; no pre-washing of the column was
needed. The concentrate and the following washes of the 50-ml test-tubes (four por-
tions of 0.3-0.4 ml of cyclohexane) were applied with a glass pipette on the top of the
column. The PAHs were eluted with cyclohexane (10 mi). For the extracts of adipose
tissue purification by chromatography ou alumina [5 g with 109 (w/w) of water) in a
column of 1.3 cm L.D., no pre-washing of the columns was needed.

The extracts and cyclohexane washings of the 50-ml test-tubes were eluted,
cyclohexane (10 ml) was added to the column and the eluate was collected in a 50-ml
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test-tube, and concentrated to 0.3-0.4 ml under a stream of nitrogen in a water-bath
at 40°C.

A further purification step by chromatography on silica gel® was always re-
quired for the samples of adipose tissue.

GLC analysis

The packing material [2.5 9/ (w/w) of N,N’-bis(p-phenylbenzylidene)-x, % -bi-p-
toluidine on 100-120 mesh Chromosorb W HP] was prepared by the solvent slurry
method, fluidized, dried with nitrogen and resieved to 100-120 mesh. The column was
conditioned overnight at 290°C with a flow of carrier gas (nitrogen) at 8 ml/min. The
oven temperature was 265°C, injector temperature 275°C, air flow-rate 300 ml/ml,
hydrogen flow-rate 22 mi/min and carrier gas flow-rate 30 ml/min. An internal stan-
dard [benzo(e)pyrene] was added to the alumina or silica gel eluate and the sample
was concentrated to about 100 gl under a stream of nitrogen stream at 40°C,
thoroughly washing the test-tube walls; 1-2 ul of the concentrate were injected into
the gas chromatograph. The correction factor for each PAH was calculated using the
internal standard as described previously®.

RESULTS AND DISCUSSION

The modifications introduced for the GLC determination of PAHs in rat
tissues shorten the method of Santoro et al.® and permit the rapid analysis of many
different biological samples. About 60100 analyses of tissue PAHs can be performed
by two technicians each week. The time saving in the performance did not result in a
decrease in specificity and sensitivity. As indicated in Table I, the recovery was satis-
factory, ranging from a minimum of 839 to a maximum of 959%. The sensitivity
limits were 0.05 ug for the three isomers. The reproducibility of the results was
particularly good as indicated by the low standard errors reported in Table 1. The
coefficient of variation ranged between 1 and 5%,.

The application of this method to the determination of the kinetic parameters
of PaHs administered singly or in mixtures to rats will be reported elsewhere.

TABLE |
RECOVERY OF POLYCYCLIC AROMATIC HYDROCARBON MIXTURES

10 ug of each hydrocarbon were added per gram of rat tissue. Results are means + standard errors of 5
experiments.

Tissue Triphenylene Chrysene Benz alanthracene
(ng) (ug) (1g)

Blood 9.551 + 0.091 9.541 + 0.012 9.285 + 0.073

Liver 8.589 1+ 0.131 8.390 + 0.130 8.342 + 0.12]

Brain 9.187 + 0.142 8.756 + 0.288 8.729 + 0.229

Mammary tissue 9.355 + 0.175 9.344 + 0.263 9.313 + 0.146

Parametrial adipose tissue 8.892 + 0.135 9.478 + 0.441 8.995 + 0.127
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Essential oils are useful medicaments for the treatment of various diseases and
are applied as antirheumatics, expectorants, carminatives and anti-inflammatory
agents. Several essential oils are frequently mixed together in ointments, liniments
and liquors. In order to establish the quality of such commercial preparations, it is
necessary to determine the mixing ratio of particular essential oils. Previous quantita-
tive analyses of essential oil mixtures by high-performance liquid chromatography
(HPLC) in comparison with gas chromatography (GC)' showed that both methods
are suitable but should be applied in different situations. For essential oil mixtures
that contain strong UV-absorbing constituents, HPLC is preferred as it produces
more complete resolution and is faster. On the other hand, GC is to be preferred for
those mixtures which contain non-specifically detectable compounds.

In this work, these elementary findings were applied to the analysis of essential
oil mixtures in ointments. A complex composite unguent containing both oxygenated
and oxygen-free terpenes, e.g. pine needle, eucalyptus, mint and melissa oil, in ad-
dition to camphor and menthol was selected as a model. The principle of the pro-
posed method is based on the separation of the terpene compounds from the oint-
ment base by steam distillation using n-hexane to take up the volatile compounds.
The diluted n-hexane solution was investigated by GC and the composition and
mixing ratio of the essential oils were determined via their terpene contents using
fenchone? as an internal standard.

EXPERIMENTAL

Steam distillation

Steam distillation was carried out in a special apparatus for the determination
of essential oils in vegetable drugs as described in the European Pharmacopoeia
(Ph.Eur.III. An accurately weighed 5.0-g sample of unguent was introduced into the
distillation flask and 50.0 mg of fenchone and 300 ml of water were added. Then the
condenser apparatus was attached and the distillation rate was adjusted to 2-3
ml/min. The distillate was collected in the graduated tube, using 1.00 ml of n-hexane
to take up the volatile compounds. After 2 h the volume of the n-hexane solution in
the graduated tube was read and the volume of a blank carried out under the same
conditions using 5.0 g of ointment base was substracted (see the Ph.Eur.I113). The
difference represents the amount of essential oil mixture and terpenes in the weight of
ointment taken. The result was calculated as millilitres of oil per 100.0 g of ointment.

0021-9673/82/0000-0000/$02.75  © 1982 Efsevier Scientific Publishing Company
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Gas chromatography

A Hewlett-Packard Model 5711A gas chromatograph equipped with hydrogen
flame-ionization detector (FID) and a Model 5671 A, automatic sample injector, was
used. GC columns (4.2 m x 0.3 cm 1.D.) were packed with 109, Carbowax 20M on
Chromosorb W AW DMCS (60-80 mesh). The temperature of the injector and
detector was 250°C and the column oven was heated to 80°C. Four minutes after
injection the temperature was programmed at a rate of 4°C/min to 150°C, at which
temperature it was maintained for 8 min. The carrier gas (nitrogen) flow-rate was 25
ml/min. A 2.0-ul volume of the collected distillate, diluted with n-hexane (1:10) and
dried over anhydrous sodium sulphate, was injected. Peak areas were determined
with a Hewlett-Packard Model 3370 integrator. Terpene contents were calculated
using fenchone as an internal standard. Melissa oil was determined via citronellal and
limonene, mint oil via menthone, eucalyptus oil via cineol and pine needle oil via peak
1 (a mixture of several monoterpene hydrocarbons).

RESULTS AND DISCUSSION

GC was preferred to HPLC because stability studies had to be carried out
under constant conditions over a long period, and because HPLC columns decrease
in efficiency much faster than GC columns. Isolation of the essential oils including
camphor and menthol from the ointment was essential in order to avoid carboni-
zation of the dissolved ointment base in the injector, contamination of the column
and interference with peaks of the oxygen-free terpenes in the chromatogram.

Steam distillation carried out in the special apparatus described in the
Ph.Eur.III* was effective. Under these conditions the volatile constituents of the
ointment base (0.23 ml per 100.0 g ~ 1.86 9/ of the total mixture) did not interfere in
the analysis of the terpenes as they were eluted later. Contrary to the method of the
Ph.Eur.III3, n-hexane was used instead of xylene to collect the volatile compounds,
otherwise the determination of the percentage content of pine needle oil would have
been difficult. Loss of n-hexane was not disadvantageous as the internal standard
fenchone had been added to the distillation flask before steam distillation took place.

On analysis of an ointment sample containing 11.5 g of essential oils and
terpenes per 100.0 g (=~ 12.36 ml per 100.0 g; &35 = 0.9022), an average value of X =
12.02 ml per 100.0 g (n = 10) using ointment base as a blank was obtained; this
corresponds to a recovery of 97.2%,.

The GC conditions proposed by Kovar and Friess' were slightly modified by
using columns loaded with more Carbowax (10%); thus a higher effective plate
number (>4200) was achieved in order to improve the resolution of the critical pair
limonene—cineol and to facilitate the quantification of pine needle oil. The content
and recovery of each essential oil were determined via characteristic components (Fig.
1, Table I), which had been selected before preparing the unguent. Each of the related
terpenes in the distillate was identified by mass spectrometry. The peaks of camphor
(7), cineol (3), menthol (8) and pine neddle oil (1) were well separated and quantified.
The determination of mint oil via menthone (5), however, was comphcated by incom-
plete separation from citronellal (6).

Quantification of melissa oil based on measuring geraniol (9) did not give
satisfactory results and other constituents, e.g., citronellal (6) and limonene (2), were
therefore employed. Citronellal showed a better recovery but also a higher standard
deviation than limonene. Accordingly, citronellal was used to measure the amount of
melissa oil in in the mixture, whereas limonene served in stability studies in order to
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Fig. 1. GC separation of a mixture of essential oils and terpenes in ointment after steam distillation. Peaks:
1 = pine needle oil; 2 = limonene; 3 = cineol; 4 = fenchone (internal standard); 5 = menthone; 6 =

citronellal; 7 = camphor; 8§ = menthol; 9 = geraniol.

register any small loss of its content. The recoveries of the individual essential oils and
of camphor and menthol in mixtures were found to be between 98.9 and 101.99, the
relative standard deviations ranging from 0.8 to 2.16 % (Table I). Thus, the proposed
method proved to be highly satisfactory for the analysis of mixtures of essential oils
and terpenes. In principle, it can also be applied to other mixtures of different ratios
and compositions.

TABLE 1

RECOVERY OF ESSENTIAL OILS AND TERPENES FROM THE PREPARED OINTMENT (1 =
10)

Essential oils Peak No. in Fig. 1 Content Standard Relative  Recovery
and terpenes Jor determination (g per 100.0 g of deviation standard (%)
ointment ) (g per 100.0 g of deviation
— ointment ) (%)

Calculated Found

Pine needle oil 1 1.100 1.103 0.017 1.58 100.3
Eucalyptus oil 3 2.210 2.184 0.043 1.99 98.8
Mint oil 5 1.970 1.973 0.028 1.43 100.1
Melissa oil 6 1.870 1.905 0.041 2.16 101.9
Limonene 2 1.870 2.271 0.021 0.94 121.5
Camphor 7 2.000 2.006 0.016 0.80 100.3

8 2.808 2.800 0.051 1.82 99.7

Menthol

Stress tests at 41, 51 and 61 C over a period of 12 weeks were carried out under
the conditions proposed by Grimm and Schepky®. Significant deviations from the
original contents of each of the essential oils were not observed; this result agrees with
those of Neuwald and Scheel®. It is concluded that the essential oils and terpenes used
in the present work are stable towards autoxidation for more than 5 years.
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Note

Hochleistungs-Fliissigkeits-Chromatographische Analyse von Digi-
talis-Blattextrakten

II. Quantitative Analyse

M. WICHTL*, W. WICHTL-BLEIER und M. MANGKUDIDJOJO

Institut fiir Pharmazeutische Biologie der Philipps-Universitit, Deutschhausstrasse 17'/,, D-3550 Mar-
burg/L. (B.R.D.)
(Eingegangen am 27. April 1982; gednderte Fassung eingegangen am 25. Mai 1982)

In einer ersten Mitteilung! haben wir iiber die qualitative Analyse von Digita-
lis-Blattextrakten mittels Hochleistungs-Fliissigkeits-Chromatographie (HPLC) be-
richtet. Wie dort bereits angekiindigt wollen wir nun die Bedingungen fiir die quanti-
tative Analyse mitteilen.

Um Schwankungen in der Volumendosierung bei der Probeneingabe auszu-
schalten haben wir fiir die quantitative Bestimmung einen internen Standard gewahit.
Nach zahlreichen Vorversuchen haben wir bei isokratischem Betrieb mit Acetonitril-
Wasser (30:70) Hexobarbital (1,5-Dimethyl-6-[1’-cyclohexenyl]-barbitursidure), sowie
bei der  Gradientenelution Diazepam (7-Chlor-1-methyl-2-0x0-3H-1,4-
benzodiazepin) als besonders geeignet befunden. Beide Substanzen weisen in den
verwendeten Fliessmitteln ein Absorptionsmaximum von 225 nm auf und interferie-
ren praktisch nicht mit einem der Digitalisglykoside. Wahrend Diazepam universell
anwendbar ist, kann bei der Benutzung von Hexobarbital unter bestimmten Beding-
ungen ein Uberlappen des peaks von Glucoevatromonosid mit dem des Hexobarbi-
tals beobachtet werden. Da die meisten Cardenolidglykoside in Acetonitrii-Wasser
(35:65) ein Absorptionsmaximum bei 222-226 nm aufweisen (in methanolischer L6-
sung liegt es bei 218-219 nm) haben wir als Messwellenldnge bei der quantitativen
Bestimmung durchwegs 225 nm gewihit.

Zunéichst haben wir mit 11 Digitalisglykosiden, die uns in ausreichender Men-
ge als analysenreine Substanzen zur Verfiigung standen eine Calibrierung vorgenom-
men und hierauf unter konstanten Bedingungen mit Glykosidgemischen, die mengen-
missig unterschiedlich zusammengesetzt waren, Calibrierungsldufe mehrfach wieder-
holt, wobei die Wiederfindungsraten zwischen 94.5 und 99.1 %, lagen. Unter Zugrun-
delegung der bei Gradientenbetrieb ansteigenden Basislinie haben wir das Rechen-
programm des Gerites so festgelegt, dass die einzelnen Zidhlwerte (counts) unter
Beriicksichtigung der Calibrierung und des inneren Standards direkt in mg/100 g
Blattdroge umgerechnet werden. Da das Geriit auch die counts jedes einzelnen peaks
ausdruckt, ist immer eine zusitzliche Kontrolle moglich.

0021-9673/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company
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EXPERIMENTELLES

Gerdt und Analysendaten

Wir verwendeten einen 1084 B Hewlett-Packard Fliissigkeits-Chromatograph,
und LiChrosorb RP-8 (10 ym) und RP-18 (10 um) Sdulen, Linge 20 cm x 4.6 mm
1.D., Stahl. Mobile Phase: Wasser—Acetonitril, Gradientenelution von (73:27) nach
(61:39) innerhalb 35 min, linearer Anstieg. Temperatur: 40°C. Durchfluss: 1.5 ml/
min. Variabler Wellenldngendetektor: Hewlett-Packard 1030 B. Schreiber—Integrator:
LC-Terminal 79§50 B Hewlett-Packard. Injizierte Probenmenge: 10-30 pl, ent-
sprechend ca. 2.7-§.1 mg Blattdroge.

Reagentien
Losungsmittel: LiChrosolv (Merck, Darmstadt, B.R.D.). Chemikalien z. Ana-

lyse (Merck). Die fiir Vergleichszwecke verwendeten herzwirksamen Glykoside ha-
ben wir von den Firmen Boehringer (Mannheim, B.R.D.) und Sandoz (Basel,
Schweiz) erhalten.

Probenvorbereitung
Feingepulverte Digitalis-Blattdroge (1.500 g) werden in einem tarierten Rund-

kolben mit 15.0 g heissem Ethanol (70 %) libergossen und 15 min unter Riickflusskiih-
lung auf dem Wasserbad erhitzt. Nach Abkiihlen auf Raumtemperatur fiigt man 25.0
g Wasser und 10.0 g einer Lésung von 15 g Pb{(CH,;COO), - 2H,0 in 100 ml Wasser
zu, erginzt mit Wasser auf 60.00 g und mischt gut durch. Hierauf wird der entstande-
ne Niederschlag abzentrifugiert; von der klaren tiberstehenden Losung versetzt man
50.0 g mit 12 geiner Losung von 10 g Na,HPO, - 2H,0O in 100 ml Wasser, mischt gut
durch und zentrifugiert. Von der iiberstehenden klaren Losung werden 57.0 g (entspr.
1.15 g Digitalis-Blattdroge) mit 1 x 30 und 3 x 20 ml Chloroform~Isopropanol (3:2)
ausgeschiittelt. Die vereinigten organischen Phasen bringt man unter vermindertem
Druck bei maximal 40° C zur Trockne (Rotationsverdampfer), 16st den Riickstand in
3.00 ml Methanol p.a. und setzt 1.00 ml einer frisch bereiteten Losung von 40.00 mg
Diazepam/100 ml Methanol p.a. (entspr. 0.4 mg Diazepam) zu. Die L6sung wird iiber
Millipore filtriert; je nach Digitalis-Art werden fiir die HPLC-Analyse 10, 20 oder 30
ul verwendet. Die Menge des internen Standards kann bei Bedarf auch reduziert
werden.

Messung
Um sich Giber die Trennung der Glykoside und den Verlauf der Basislinie einen

Uberblick zu verschaffen wird zunichst ein Testchromatogramm angefertigt. Hierauf
gibt man dem Rechner die aus dem Eichlauf (calibration run) errechneten Faktoren
[Menge/Peakfliche; amount/area], die zu erwartenden Retentionszeiten sowie die
sich aus dem Testlauf ergebende Integrationsart bei nicht vollstindig getrennten
peaks (Tangentenverfahren, bzw. Lot zur Basislinie) ein. Die peaks von nicht cali-
brierten Substanzen wurden als Digitoxin berrechnet.
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ERGEBNISSE UND DISKUSSION

Quantitative HPLC-Analyse

In Fig. 1 wird das fiir die Calibrierung von 11 reinen Digitalisglykosiden ermit-
telte Chromatogramm dargestellt. Es belegt die gute Trennung der einzelnen Sub-
stanzen und die Eignung von Diazepam als innerem Standard. Die Fig. 2-4 zeigen die
Trennungen der wichtigsten in Digitalis purpurea, Digitalis heywoodii und in einer
Hybride Digitalis heywoodii x Digitalis lanata vorkommenden Glykoside.

1

0 5 10 15 20 25 30 35

MIN
Fig. 1. Calibrierung von reinen Digitalisglykosiden bei der HPLC-Analyse. Bedingungen: RP-18-Saule
(10 pm) LiChrosorb; Acetonitril-Wasser. Gradient (27:73) bis (39:61) innerhalb 35 min, linear; Fluss 1.5
ml/min, 40°C, Detektor 225 nm. Injizierte Probenmenge 20 ul. R = Diazepam (Innerer Standard, C =
0.1075 mg/ml); 1 = Digitalinum verum (C = 0.200 mg/ml); 2 = Glucoverodoxin (C = 0.425 mg/ml); 3 =
Neo-Glucodigifucosid (C = 0.250 mg/ml); 4 = Neo-Odorobiosid G (C = 0.360 mg/ml); 5 = Lanatosid C
(C = 0.650 mg/ml); 6 = Glucoevatromonosid (C = 0.280 mg/ml), 7 = Glucodigitoxigeninbisdigitoxosid
(C = 0.375 mg/ml); 8 = Lanatosid B (C = 0.385 mg/ml); 9 = Purpureaglykosid A (C = 0.415 mg/ml); 10
= Lanatosid A (C = 0.385 mg/ml); 11 = Digitoxin (C = 0.325 mg/ml).

Um sich iiber die Reproduzierbarkeit der Methode ein Bild zu machen, haben
wir aus sieben Analysen einer homogenen Probe von Digitalis heywoodii-Blittern,
von den einzelnen Werten ausgehend die Standardabweichungen berechnet und in
Tabelle I zusammengestellt. Wie man daraus ersieht, ist die Streuung der Werte
relativ gering und eine Stérung durch noch vorhandene Ballaststoffe kaum zu be-
fiirchten.

Vergleich mit der Methode von Kaiser®

Wir haben die von uns vorgeschlagene quantitative HPLC-Analyse mit der
quantitativen Analyse von Digitalisblattextrakten nach Kaiser? (Kombination Séu-
len-Papierchromatographie, photometrische Bestimmung iiber die Farbreaktion
nach Baljet®>*) verglichen. Wie Tabelle II ausweist, sind die beobachteten Differenzen
gering. Die HPLC-Analyse bietet gegeniiber dem Verfahren von Kaiser zwei wesentli-
che Vorteile: der Bedarf an Probenmaterial kann von 50 g auf 1.5 g reduziert werden
und dié¢ Analysendauer lisst sich sehr stark, von ca. 35 h auf ca. 2-3 h verkiirzen.
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TABELLE I

EINZELWERTE, MITTELWERT UND STANDARDABWEICHUNG BEI DER QUANTITA-
TIVEN HPLC-ANALYSE VON DIGITALIS HEYWOODII-BLATTERN.

Alle Angaben in mg/100 g trockener Blattdroge.

Einzelwerte Mittel- Standard-
o wert abweichung®

1 2 3 4 5 6 7
Digitalinum verum 42 39 41 38 42 37 36 39 + 2.44
Glucoverodoxin 41 42 46 44 44 46 45 44 + 1.91
Glucodigifucosid 22 21 22 23 22 21 23 22 + 081
Odorobiosid G 22 24 22 25 23 24 21 23 + 1.4l
Glucoevatromonosid 194 198 204 205 200 196 196 199 + 4.20
Lanatosid B 138 139 140 136 135 136 135 137 + 2.00
Purpureaglykosid A 594 597 606 602 389 614 584 598 +10.24
Lanatosid A 408 414 411 407 405 416 4l6 411 + 4.47
Digitoxin 67 69 69 72 70 65 71 69 + 2.3%

6 9 1
4
R
1
2
10
3 7

16

hid
[0} 5 10 15 20 25 30 35

MIN

Fig. 2. HPLC-Trennung eines Blattextraktes aus Digitalis purpurea L. Bedingungen:s. Fig. 1. R = Innerer
Standard Diazepam (C = 0.027 mg/ml); | = Digitalinum verum; 2 = Glucoverodoxin; 3 = Neo-
Glucodigifucosid; 4 = Neo-Odorobiosid G; 6 = Glucoevatromonosid; 7 = Glucodigitoxigeninbisdigito-
xosid; 9 = Purpureaglykosid A; 10 = Lanatosid A; 11 = Digitoxin; 16 = Purpureaglykosid B; 17 =
nicht identifiziert.
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fir die Bereitstellung des HPLC-Geriites und fiir finanzielle Unterstiitzung. Herrn
Dr. F. Kaiser, Boehringer-Mannheim danken wir fiir die Uberlassung von Glucoeva-
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Fig. 3. HPLC-Trennung von Digitalis heywoodii P. et M. Silva. Bedingungen: s. Fig. 1. R = Innerer
Standard Diazepam (C = 0.0625 mg/ml); 1 = Digitalinum verum; 2 = Glucoverodoxin; 3 = Neo-
Glucodigifucosid; 4 = Neo-Odorobiosid G; 6 = Glucoevatromonosid; 7 = Glucodigitoxigeninbisdigito-
xosid; 8 = Lanatosid B; 9 = Purpureaglykosid A; 10 = Lanatosid A; 11 = Digitoxin; 12, 13, 14 = nicht
identifiziert;"15 = Digoxin; 16 = Desacetyllanatosid B; 17 = #-Acetyldigoxin; 18 = a-Acetyldigoxin;
19 = Acetylgitoxin; 20, 21 = nicht identifiziert.

10 i

- _

0 5 10 15 20 25 30 35
MIN

Fig. 4. HPLC-Trennung von Digitalis heywoodii P. et M. Silva x Digitalis lanata EHRH. Bedingungen: s.
Fig. 1. R = Innerer Standard Diazepam (C = 0.0535 mg/ml); I = Digitalinum verum; 2 = Glucoverodo-
xin; 3 = Neo-Glucodigifucosid; 4 = Neo-Odorobiosid G; 5 = Lanatosid C; 6 = Glucoevatromonosid; 7
= Glucodigitoxigeninbisdigitoxosid; 8 = Lanatosid B; 9 = Purpureaglykosid A; 10 = Lanatosid A; 11
= Digitoxin; 13, 14 = nicht identifiziert; 16 = Desacetyllanatosid B; 17 = Acetyldigoxin; 20, 21 = nicht

identifiziert.
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tromonosid, Glucogitorosid, Glucolanadoxin, Glucoverodoxin und Glucogitofuco-
sid, Herrn Dr. A. Angliker, Sandoz AG, Basel, fiir die Lanatoside A, B, C und fiir
Digitalinum verum.

NOTIZ

Nach Abschluss dieser Arbeit erhielten wir Kenntnis von der Publikation von
Jurenitsch et al.® iiber die HPLC-Analyse von Convallaria-Glykosiden. Die Autoren
kommen methodisch (Probenvorbereitung, mobile Phase, Detektion) zu sehr #hnli-
chen Resultaten; ihre Ergebnisse bestitigen eindrucksvoll die Uberlegenheit der
HPLC in der Herzglykosidanalytik gegeniiber den bisherigen Verfahren.
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Note

Quantitative analysis of the isoflavone phyto-oestrogens genistein,
formononetin and biochanin A, in subterranean clover leaves by high-

performance liquid chromatography

JOSEPH J. PATRON]*-*

Department of Organic Chemistry, University of Western Australia, Nedlands, W.A. 6009 ( Australia)
and

W. J. COLLINS** and W. R. STERN

Department of Agronomy, Institute of Agriculture, University of Western Australia, Nedlands, W.A. 6009
(Australia)

(Received June 17th, 19§2)

Oestrogenic activity in subterranean clover (Trifolium subterraneum L.) has
been recognised for many years as a major cause in infertility problems in sheep'.
Success in alleviating these problems has been due largely to the development,
through breeding and selection, of lines of subterranean clover with low levels of
oestrogenic activity. An essential part of this programme 1s the monitoring of levels of
isoflavones on a large number of lines. Leaves of clover are assayed for the isoflavone
phyto-oestrogens genistein (1), formononetin (2) and biochanin A (3). Originally, all
three compounds were thought to be implicated in the infertility problem, but there is
now strong evidence to suggest that formononetin alone, is the main factor involved?.

HO &) HO,

(3

* Present address: Sugar Research Institute, Mackay, Queensland 4740, Australia.
** Present address: Western Australian Department of Agriculture, South Perth, W.A. 6151, Aus-

traha.
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The analytical method used in the isoflavone laboratory is based on the visual estima-
tion of developed thin-layer chromatographic plates®. The method is semi-quantita-
tive and was developed from the chromatographic method of Beck* and an extraction
technique modified from that of Curnow?.

It is some years since an accurate analysis of the levels of isoflavones in subter-
ranean clover was undertaken. For this purpose we used high-performance liquid
chromatographic (HPLC) procedures. The high ultraviolet absorption (4,,,,263-264
nm), coupled with the moderately polar nature of these isoflavones were considered
ideal characteristics for the application of UV-monitored C,g reversed-phase chro-
matography with a polar eluent such as methanol-water.

This paper describes the successful resolution and quantitation of the iso-
flavones 1, 2 and 3 found in fresh clover leaves.

EXPERIMENTAL

Materials and apparatus

All solvents were analytical-reagent grade.

HPLC was with a Waters Assoc. (Milford, MA, U.S.A.) M-6000A pump fitted
with a uBondapak™ C,; (30 cm x 3.9 mm I.D.) pre-packed column and a U6K loop
injector. Detection was by elution monitoring with a Waters 440 absorbance detector
(254 nm, 0.5 a.u.f.s.). Output was measured on a Hewlett-Packard 3380A integrator
using the external-standard area quantitation method. Manual injection was with a
Hamilton 800 (25 ul) syringe with the chromatographic system at ambient tempera-
ture.

Two standard solutions consisting of a mixture of isoflavones 1, 2 and 3 in
methanol (250 ug/ml and 50 pg/ml) were stored at 2°C for a period of 3 months
without decomposition.

Procedure

Twelve circular clips of undamaged subterranean clover leaves were ground
with a glass rod and acid-washed sand (0.1 g). Ethanol (1 ml) was then added and the
mixture allowed to stand in a water bath (60°C, 10 min). The extract was decanted
and the extraction procedure repeated on the residue to give a combined total extract
(2.0 ml) as described previously®. Part of the solution (1.0 ml) was then evaporated to
0.5 ml and applied to Sep-Pak™ C,, cartridges, pre-washed with methanol, and
finally eluted with methanol (4 x 1 ml). This eluent was concentrated to dryness
(water bath at 60°C) and made up to a final volume with methanol (2.0 ml).

Reversed-phase HPLC [methanol-water (27:73) at a flow-rate of 2.5 mi/min,
2500 p.s.i.] of the prepared extract (20-ul injections), gave symmetrical peaks with
baseline resolution of the isoflavones 1, 2 and 3. Detector response area was shown to
be linear over the relevant range (0.5-5.0 ug) for each of the three standards. Quanti-
tation was therefore determined by calibration of the on-line integrator by an ex-
ternal-standard mixture prior to analytical runs. Reproducibility of quantitation of a
standard mixture of 1, 2 and 3 subjected to this analytical procedure was within 5 9; at
the 1-ug level.
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RESULTS AND DISCUSSION

The system described allowed analysis of some 1000 clover-leaf extracts with
negligible loss of column performance.

Typical chromatograms obtained from standard solution (Fig. 1) and from
extract (Fig. 2) gave symmetrical, well-resolved peaks. Over a period of 3 months
retention times of compounds 1, 2 and 3 varied only slightly and within the ranges
1.52-1.59, 1.82-1.96, 2.26-2.57 min, respectively.

The levels of isoflavones determined for a range of subterranean clover cul-
tivars will be reported in a separate publication.

INJ
INJ

LWL

Fig. 1. HPLC separation of a standard mixture of genistein (1) (996 ng), formononetin (2) (1008 ng), and
biochanin A (3) (1024 ng).

Fig. 2. HPLC separation of a typical clover leaf extract. Peaks: | = genistein (1040 ng); 2 = formononetin
(1110 ng); 3 = biochanin A (180 ng). Chromatographic conditions are described in the Experimental
section.
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Liquid chromatography of some polyurethane polyols

G. BRUCE GUISE* and GEOFFREY C. SMITH
CSIRC Division of Textile Industry, Belmont, Victoria 3216 (Australia)
(Received June 2l1st, 1982)

Polyurethanes are a diverse family of polymers but all are derived from two
types of intermediates, diisocyanates and polyols. A number of chromatographic
methods have been described for the analysis of the commonly used diisocyanates but
little has been published on polyols even though they represent about 75 % (w/w) of
most polyurethanes. Most polyurethanes are based on two diisocyanates, 2,4-tolylene
diisocyanate (TDI) and diphenylmethane diisocyanate (MDI), but a wide range of
polyols is used.

The most common type of polyols are poly(propylene oxide) (PPO) and these
are manufactured by anionic polymerisation of propylene oxide and polyhydric al-
cohols (e.g. glycerol, propan-1,2-diol, trimethylol-propane). Two side reactions occur
in their manufacture: (1) with water (present as impurity) to form PPO diols and (2)
chain transfer to monomer which forms allyl alcohol, and this results in the produc-
tion of PPO mono-ol. Thus, commercial PPO triols contain diol and mono-ol im-
purities, and the average functionality is below 3.

PPO triols showed a single narrow peak on gel permeation chromatography*
(GPC), but with thin-layer chromatography (TLC) on silica gel, separation of the
mono-ol and diol impurities has been observed”™ by Russian workers. This note
reports an adaption of the TLC method*™ to high-performance liquid chromatogra-
phy (HPLC). As well as PPO polyols, some other types of polyol were examined. The
method was used to follow the reaction of a PPO triol with isocyanates.

EXPERIMENTAL

Polyols were obtained from Bayer (Leverkusen, G.F.R.) and Union Carbide
(Melbourne, Australia); the PPO triol (molecular weight, MW = 3000) was Des-
mophen 3400 (Bayer). The TDI was Desmodur T100 (Bayer) and all other chemicals
were analytical grade.

Chromatography was carried out using a 150 x 4.6 I.D. mm column packed
with 5-um LiChrosorb SI 60 (Merck). The pump was a DuPont Model 870, the
injection system was supplied by Valco, and the detector was a Shodex SE-11 (Showa
Denko KK, Tokyo, Japan) refractive index detector.

After examining a number of solvents and mixtures, we found that ethyl ac-
etate containing a small amount of a polar solvent (methanol or propan-2-ol) gave
the best resolution. Russian workers>™® used ethyl acetate-water—butan-2-one for
their TLC work, but this was too polar for HPLC. Ethyl acetate containing 19

0021-9673/82/0000-0000/302.75 © 1982 Elsevier Scientific Publishing Company
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propan-2-ol was used in the experiments described below. Samples were injected (10-
ul loop) in ethyl acetate and the flow-rate was either 2 ml/min or 0.5 ml min.
Reactions of the triol with the isocyanates were carried out in the absence of
solvent under an atmosphere of nitrogen (see legends to figures for further details).

RESULTS AND DISCUSSION

In the Russian study®™ of the TLC of PPO polyols, the extent of adsorption
was found to be determined by the number of hydroxyl groups, and for a given
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Fig. 1. HPLC of PPO triol (MW 3000) and diols. (a) Triol alone; (b) diol (MW 2000) alone; (c) triol + diol
(MW 3000) (3:1); (d) triol + diol (MW 2000) (3:1); (e) triol + diol (MW 425) (3:1).



NOTES 371

molecular weight the Ry values were mono-ol > diol > triol, and for a given func-
tionality the R, value increased with increasing molecular weight. In the present
HPLC study, similar trends were assumed, and peaks (Fig. 1a) eluted in front of the
mean peak of a MW 3000 triol were assigned to diol and mono-ol on this basis. The
mono-ol peak was split, and ahead of it was another peak which appeared to be due
to a volatile impurity as it was lost by heating at 80°C for several hours. The resolu-
tion of a MW 3000 triol from diols of various molecular weights is shown in Fig. lc—e.
The HPLC method appears to be capable of detecting as little as either 1 % diol or
mono-ol impurities in PPO triols (that is, assuming equal detector responses of the
components). The amount of diol detected in the PPO triol (MW 3000) used in this
work was much lower than found?™ by TLC in a similar polymer; this difference was
attributed to the manufacturing method rather than the analytical method.

A common modification of PPO polyols is to terminate the chains with eth-
ylene oxide units. This replaces the terminal secondary hydroxyls with primary
hydroxyls which react faster with isocyanates. On HPLC, such polyols were found to
adsorb much more strongly than pure propylene oxide polyols, but they could be
eluted by the addition of more isopropanol to the solvent. However, the resultion
between triol, diol and mono-ol decreased as the proportion of ethylene oxide units
increased, and the amounts of lower functionality impurities could no longer be
estimated. The main value of HPLC with ethylene oxide-tipped PPO polyols is to give
an indication of the presence of ethylene oxide units.

Some polyester polyols were examined by HPLC. These were similar in po-
larity to the PPO polyols, and an eluent containing less propan-2-ol was used. A
poly(ethylene adipate), MW 2000, showed mainly as a sharp peak; the splitting of the
tail of this peak was considered to be due to the separation of the more polar low-
molecular-weight oligomers. Some polycaprolactone polyols (from Union Carbide)
showed quite extensive splitting and this was assumed to be separation of oligomers;
a similar separation of oligomers has recently been reported with hydroxy functional
poly(methy! methacrylates)>.

The HPLC method has been used to follow the reaction of a PPO triol (MW
3000) with isocyanates. In Fig. 2, chromatograms of the reaction product of this triol
with different amounts of n-butylisocyanate are shown. The peaks in order of elution
were assigned to the products of the reaction of the triol with 3, 2 and 1 mol of »-
butylisocyanate, respectively and were well separated. The GPC method described
previously! does not resolve these components. The HPLC method could no doubt
be used to follow the kinetics of these reactions.

In many applications, polyols are used directly to form polyurethanes, but in
others they are first reacted with diisocyanates to form isocyanate terminated pre-
polymers which are subsequently converted into polyurethanes. The formation of
such a prepolymer from PPO triol (MW 3000) and-TDI was followed by HPLC (Fig.
3). Control experiments showed that there was negligible reaction of the isocyanates
with the propan-2-ol solvent during a chromatogram. After 2 h at 80°C the iso-
cyanate content (determined by reaction with excess amine and titration with acid) of
the triol-TDI reaction mixture was constant?, and this is normally taken to indicate
complete reaction. However, HPLC showed that some of the intermediate reaction
products were still present. In this reaction, higher-molecular-weight products are
formed by chain extension {e.g. from 2 mol of triol and 5 mol of diisocyanate), and
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Fig. 2. HPLC of reaction product of PPO triol (MW 3000) and x mol n-butylisocyanate (+ trace of

dibutyltin dilaurate catalyst) at 20°C for 16 h.
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Fig. 3. Reaction product of PPO triol (MW 3000) with TDI (3 mol) at §0 C (no catalyst). (a) After 10 min
(attenuation 4); (b) 30 min (attenuation 4); (¢} 2 h (attenuations 8 and 2); (d) 5 h (attenuation 8). Peaks:
| = excluded material; 2 = trisubstituted triisocyanate + TDI; 3 = disubstituted (mono-ol); 4 =
monosubstituted (diol); 5 = triol. Horizontal axis denotes time in min, RT = room temperature (20 C).
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these products are well resolved by GPC, but not by HPLC. The peak (Fig. 3c)
corresponding to the fully reacted product was split on HPLC; this could be due to
unreacted TDI, but on the silica used (pore size 6 nm) there is also the possibility of
size exclusion of the high-molecular-weight chain extended products.

HPLC thus can be used for the characterization and analysis of polyurethane
polyols and to follow their reaction with isocyanates. Lower functionality impurities
could be estimated in PPO triols. This HPLC method appears to be a useful comple-
ment to GPC studies for polyurethane polyols and the isocyanate terminated pre-
polymers derived from them.
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CHROM. 15,065

Letter to the Editor

Conversion of linear into logarithmic retention indices

Sir,

The use of the linear retention index (J) in isothermal gas chromatography was
initially proposed in 1968'. The plot for the conversion of linear into logarithmic (/)
retention indices was also given in the above paper. The equation

R8U100
R — 1

= oJ (h

where 8/ = / — 100 z and 6J = J — z, was given in 1971%; R is the relation of the
adjusted retention times of neighbouring n-alkanes and z is the carbon number of the
first n-alkane standard. In a book?, a detailed table was given constructed according
to the above equation. A review* included problems with the use of the linear reten-
tion index in gas chromatography.

Recently Mitra® rewrote eqn. 1 incorrectly, replacing 8J by .J, and asserted that
it was in that form that the above equation was given in ref. 2. Then Mitra made the
corresponding “‘correction’’ and obtained finally an equation identical with eqn. 1. It
is evident that if Mitra had read the earlier publications®™ more attentively he wouid
not have felt the necessity to publish his note’.
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CHROM. 15,066

Letter to the Editor

Conversion of linear into logarithmic retention indices

Sir,

The equation for conversion of linear (J) into logarithmic (/) retention indices
given by Vigdergauz in his Letter to the Editor is correct and identical with the
modified relationship published by myself'. The comment of Vigdergauz that “Mitra
rewrote eqn. 1 incorrectly, replacing 6J by J is inaccurate. The fact is that Sojak
and Vigdergauz? have quoted the incorrect equation using J instead of 8/ themselves,
from the earlier work of Vigdergauz and Martynov® (see the first line on page 160 of
ref. 2), stating, “The analytical relationship between the quantities J and 7 has the
following form®”. I felt that Vigdergauz might have given the incorrect equation (eqn.
3), which needs modification, and thus my paper on this point was published!. In fact,
I did not claim the equation to be my own rather than a modification. Further, if the
said equation was misprinted in ref. 2, the authors could have published an ad-
dendum or erratum, rather than criticizing me and others. It was necessary to go
through the validity of the equation when it has been published in a reputable inter-
national journal?, particularly when quoted by the original author.

In scientific fields such mistakes may happen unknowingly, but should be
accepted with good grace when they are pointed out.

Gas Chromatography Laboratory, Fertilizer (P&D) G. D. MITRA
India Ltd., Sindri, Dhanbad, Bihar (India)
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