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SUMMARY 

The experimental aspects of the “Grob splitless” sampling technique are dis- 
cussed in terms of the sampling time, purge activation time, solvent ~type, sample 
size,. column temperature, injector temperature and column flow-rate. Guidelines are 
developed for using and simplifying splitless sampling. Optimized experimental pa- 
rameters are given from the results of optimization by simplex. Precision data for 
retention times and peak areas are shown to be 0.05 and l%, respectively, for an 
automated splitless capillarysystem. 

INTRODUCTION 

High-resolution gas chromatography (GC) is developing rapidly -as the GC 
technique of choice for complex separations and for trace organic analysis. This tech- 

nology is due to recent developments in capillary~olumn GC instrumentation, high- 
sensitivity and low-volume detectors, glass capillary cohuuu technology and IEW 

sampling and injection techniques. These developments have recently been reviewed 
elsewhere?. 

Good sampling and injection techniques are particularly crucial for obtaining 
hi&efficiency separations and highly reproducible, accurateand representative quan- 
titative results on very small sample sizes. High-performance. capillary sampling sys- 
tems should meet the following criteria: (1) the solvent peak should not interfere 
with the quantitation of solute peaks: (2) there should be no discrimination of sample 
components in terms of their boiling points, polarity, molecular weight, efc. ; (3) re- 
tention times should be reproducible. to to.1 % relative standard deviation; (4) 
normal&d peak areas should be reproducible to < 1 o/0 relative sta&rd deviation; 
(5) thermal degradation, adsorption, rearrangements and other solute reactions should 
be negligible at the picogram level; (6) the sampling system should introduce a neg- 
ligible loss in column efficiency; (7) the sample recovery should be quantitative and 
representative for both trace and major sample components; and (S) changes in the 
column operating conditions should not influence the sampling processes. Several 
different types of sampling and injection techniques have been developed for capillary- 
cohunn GC separations such that it is now important to choose the proper sampling 
technique according to the type of sample to he analyzed. 
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The “direct” or “on-column” and “selective” sampling techniques developed 
by Schomburg and co-workers L5 have demonstrated excellent precision and accuracy 
for mixtur& of alkarles up to n-C,. These techniques have the advantages of miui- 
mizing thermal e&cts of sensitive or unstable compounds because a heated injector 
is not required to vaporize the sample. The “moving needle” sampling technique is 
reported to have a reproducibility of better than 1.5% for high-boiling compounds 
and is amenable to automation 6*7_ Techniques such as “heart cuttingn8 and “pre- 
column sampling”g are also useful in the quantitative analysis of complex mixtures 
and trace components because they make use of enhanced chemical selectivity and 
decrease the amount of sample clean-up required. Splitters are well known in capillary- 
column GC sampling’O-“. 

The “splitless” sampling technique of Grob and co-workerP-r5 has been found 
to be particularly useful for the analysis of (a) very dilute solutions, (b) samples with 
components eluting near the tail of the solvent peak, (c) thermally labile compounds 
and (d) samples with very polar components such as natural products and environ- 
mental extracts. The advantages of the technique include the following: (1) dynamic 
splitting of the samples is not required; (2) the volume of the samples injected can 
be measured directly with a syringe (in the microliter range); (3) rapid vaporization 
of the sample is not required and, consequently, relatively low injection port tem- 
peratures can be used to minimize sample degradation ; (4) septum bleed is minimized 
by the use of a septum purge; (5) analysis of very dilute samples without pre-con- 
centration is possible; (6) sorption losses in injectors are minimized because the 
internal surface area is low; (7) injector inserts are easily replaced and cleaned; and 
(8) the technique is easily automated. IIowever, the successful application and per- 
formance of the splitless sampling technique depend on a large number of experi- 
mental variables, including the type and boiling point of the solvent, sample size, 
sampling time, injector purge time, initial column temperature, injector temperature, 
column flow-rate and type of column. The effects of these variables on the separation 
efficiency and quantitative sample recovery and their optimization have not been 
previously reported. Systematic studies, the effect of critical instrument parameters 
on chromatographic performance and the optimization by simplex techniques of the 
splitless sampling technique are described in this paper. 

Splitless sampling is a particularly attractive technique for trace analysis be- 
cause a large dynamic range of sample concentrations can be injected. By optimizing 
the length to volume ratio of the splitless glass insert for the Varirm 3700 capillary 
inlet system, excellent separations, quantitative sample recovery and good solvent 
peak shapes were obtained on samples as small as. 0.1 ~1 injected, as is shown in 
Fig. 1. Normally, at least 2 ~1 are required in order to obtain the solvent effect. The 
reasons why a good solvent effect is obtained with small sample sizes en 0.25 mm 
I.D. columns will bc discussed elsewherez6. The upper limit of sample capacity of 
this splitless system is shown to be 210 ~1 elsewhere in this paper. 

EXPERIMENTAL 

: All experimental data were measured on a Varian Model 3700 capillary gas 
chromatograph equipped with an FID, a Varian Model 8000 AutoSampier, a CDS- 
111 chromatography data system, a Model 9176 recorder and an External Events 
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Fig. 1. Splitless capillary sampling for a O-l-p1 sample, diluted 10%. Solute concentration, 3 ng/pl in 
isooctane. Purge activation time, 40 set; column, 20 m 5( 0.25 mm I.D. OV-101; temperature 
program, 60” to 14-O” at ?“/min with an initial hold of 2 min. 

Fig. 2. Cross-sectional view of the Varian Model 3700 splitless capillary injector. 

Module. The column efficiencies, retention times, peak areas, peak widths and other 
peak parameter measurements were made in real time and calculated on a Varian 
CDS-220 data system using EBASIC. Helium was used as both the -mier an@ make- 
up gas to the FID. 

Splitless injector 
A cross-sectional view of the Varian Model 3700 capillary injector with the 

splitless insert installed is shown in Fig. 2. The carrier gas enters the.injector body 
through pre-heating coils. This increases the temperature of the carrier gas to that . 
of the injector before reaching the sample vaporization chamber, eliminates ccqdensa: 
tion if back-flash occurs during sample injection and sweeps the outside of the glass 
insert. At the top of the glass insert, the stream of carrier gas flows in two directions, 
as shown in Fig. 3: part flows into the injector insert and on to the column at the 
normal column flow-rate. A second flow stream is used for septum purge, which is 
vented to the atmosphere_ 
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Fig. ?. Cross-tional view of the Varian Model 3700 capillary injector septum purge. 

The septum purge flow prevents septum contamination from reaching the glas6 
insert and the ~cohmm. Unlike split sampling, where the split flow vents W-99.9 % 
of the incoming contaminants to the atmosphere (for splitting ratios of 5 : 1 to loo0 : l), 
splitless sampling would transfer all contaminants (principally from the septum) 
directly to the glass insert and column when operating in the standby or pre-injection 
modes if it were not for the septum purge flow. The septum purge flow is prevented 
from recirculating through the injector by a seal just below the septum purge outlet 
(see Fig. 3). Because .of the septum purge feature, the split flow can be turned off 
when not in use without allowing septum bleed to contaminate the chromatographic 
system and, at the same time, save large amounts of carrier gas. 

The splitless glass insert, shown in Fig. 2, is easily mstallcd and removed from 
the top. of the injector. This is particularly important for splitless sampling where 
large volumes of “dirty samples” are injected. For optimal quantitative resuhs with 
trace arm polar components, it is recommended that the glass insertbe changed reg- 
ularIy, if not after every sample injection. The small volume of the insert (CQ. 150 ~1) 
minimizes mixing of the sample vapor and carrier gas before-transfer to.the column. 
It should be noted that the split tip fills most of the lower portions of -the 2-mm 
I.D. glass insert to minimize diffusion chamber effects and sample losses. 

Other important design considerations of a splitless insert require a minimum 
internal surface area and a restrictor section on the insert to minimize sample back- 
flash. During the sampling time, the syringe needle (nominally 0.45 mm 0-D.) in 
the capillary section (nominally 0.55 mm I.D.) of the glass insert acts as a restrictor 
to rninihnize sample back-flash because the linear carrier gas velocity in this region 
is very high. Finally; it is imperative that ‘the sampling point or split tip be located 
in the heated injector region to eliminate sample dis crimination and/or condensation. 

The effect of the design of.the glass insert on -the chromatographic performance 
is shorn in Fig. 4. Keeping the sampling and analysis conditions fixed, two glass 
inserts of different lengths and inside diameters were tested. The insert with the larger 
inside diameter created&larger diffusion volume belowthe split tip, which contributed 
to the excessive solvent peak tailing and loss of solute peak area. The,larger insert 
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also allowed mixing of the sampIe and carrier gas which interfered with the “solvent 
effect”. This isrefhzcted in the retem5o.n time shifts, wider peaks and reduced column 
efficiency measured for the n-C8 and n-C, peaks in comparison with the results from 
the 2-mm I.D. insert. These effects are most pronounced for the peaks uear the solvent 
peak An ideal solvent effect is demonstrated by the 2-mm I.D. insert in that peak 
sharpening occurs on peaks that elute close to the solvent peak and a baseline sep- 
aration is obtained between the n-C, and isooctane peaks. This is remarkable when 
one considers that peaks I-LO set wide are produced with a slow injection technique 
that initially spreads peaks out over the time period from sample introduction until 
the injector is purged (nominally 30-60 set). The solvent effect negates the effects 
of the slow vaporization and mass transfer and allows the high efficiency of the 
capihry colu& to be real&d. 
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Fig. 4. Effect of the length-to-volume ratio and difhion chambers in a splitless capilky injector. 
Inserts: (A) 4 and (B) 2 mm I.D. Cdumn, 2.5 m x 0.25 mm I.D. OV-101. A ~relative peak area 
normalked to the 2-mm I.D. insert; N/.L = number of theasretical plates/m. 

RESULTS AND DISCUSSION 

Solvent effect 
The solvent ef&ct is a function of virtually all of the CC, capiliary cohrmn 

and sample variables. Fig. 5A shows the experimental operating procedure for splitless 
sampling by plotting the carrier gas flow-rate through the injector as a function of 
time, where the injector .purge delay time is denoted as d&. A greatly attenuated 
solvent peak profile is shown in Fig. 93. From the shape of this curve the solvent 
effect in the cohunn can be understood 16. The sharp back side of the solvent peak 
will be obtained only if a step function in the injector carrier gas flow-rate is obtained 
at the time of the 4njector purge. For the system described here, the injector purge 
time is of the order of 200 msec at a pnrge flow-rate of 100 ml/mm. This rapid flushing 
carries all detectable sample residuals out of the sampling region, prevents solute 
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@eak tailing and removes the &zssical “diffusion tail” from the- solvent peak. This 
step function in the injector volumetric flow-rate does not change the column flow- 
rate because pressure-regulated pneumatics are used. 
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Fig- 5. (A) Carrier gas flow-rate profile as a function of time for the splitless sampling mode. dr, 
denotes the injector purge delay time. Nominal column (1 ml/min) and injector purge (100 ml/min) 
flow-rates are shown for narrow-bore WCOT columns. (33) True solvent peak shape in the splitless 
mode when attenuated to lo-* A full-scale. 

The solvent peak shape shows why solute peaks eluting just ahead of the sol- 
vent front cannot be separated quantitatively, and why the splitless mode may not 
be satisfactory for applicatjom such as solvent impurity analyses. Therefore, low- 
boiling solvents are required for the analysis of very volatile sample constituents. 
In general, the boiling point of the solvent should be at least 25” below that of the 
first peak of interest, otherwise they will coelute with the solvent peak. This is il- 
lustrated by the isooctane-n-C8 separation shown in Fig. 4, where the boiling point 
difference is 26.5”. Another example is the loss of the light ends in the separation 
of a volatile coal hydrogenation product run in the splitless mode (Fig. 6) Fig. 6 
should be compared with the results for the same sample run “neat” in the split 

*mode, shown in Fig. 7. Because dichloromethane (boiling point 40.29 was used 
for the solvent effect in Fig. 6, it can be predicted that sample components with 
boiling points less than 6570” will not be resolvy from the solvent peak. 

. . . 
Samphg technique 

The effects of various samplin g techniques were investigated because it was 
found that the quantitative results may be dependent on the operator and the tech- 
nique. The rate of sample injection- or delivery to the injector is important in order 
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Fig. 6. Coal hydrogen product capil1zu-y separation using split&s sampling. Dilution, 1e:l in di- 
chloromethaae: 6.0~1 injected. Note the loss of resolution for the light hydrocarboti due to the 
solvent effect. Temperature pro-, from 27” to 2Go” at 2”/min with an initial hold of 15 min. 

to insure uniform rate of sample vaporization without molecular weight discrimina- 
tion and to avoid sample back-flash out of the injector insert. A maximum rate of 
sample injection of 1 @/set was found to give the best chromatographic results when 
using the splitless mode. This relatively slow rate of sample introduction is feasible 
and advantageous because the solvent effect resharpens the broad injection profile 
and overloading of the injector is avoided. Because the sampling and vaporization 
processes are relatively slow, it is possible to operate at lower injector temperatures, 
even with samples that contain high-boiling components. We have rarely experienced 
the need for injector temperatures -above 230” when operating in the splitless mode. 
These low injection port temperatures are a distinct advantage in analyzing thermally 
labile compounds, reducing septum bleed and increasing septa’lifetimes. 

The sampling time, dt,, must also be considered in order to minimize sample 
discrimination according to vapor pressure differences, sample back-flash and to in- 
sure quantitative sample. recovery. The sampling time is defined here as the period 
of time in which the syringe needle is resident in the heated region of the splitless 
injector. Fig. 8 shows the relative- peak -height as a function of the sampling time 

for peaks with both large and small k’. The relative peak heights are seen to converge 
after sampling times longer than 20 sec. For dt, < 20 set it can be seen that the 
more volatile components (k’ = 0.4) are preferentially lost, probably due to sample 
diffusion into diffusion chambers, back-flash and venting out through the septum 
purge. Therefore, all peak heights in the chromatogram will be a tin&ion of dt, 
for dt, < 20 sec. Conditions for this study were chosen-to represent a worst-case 
analysis, i.e., a low-boiling solvent (b-p. 46”) with -a h&&injection port temperature 
(2.50”). +tbougb higher bo@ing solvents and/or lower injection port temperatures 
will reduce the required ~sampling time, a sampling time of dt, > 20 sco is recom- 
mended for most applications. 
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Fig. 7. coal hydrogenation product capillary sepat2tion using split’ sampling ‘on thti neat tiple. 
column, 112 m x 0.25 mm LD. OV-101; temperature program, from 40” to 2W at S”/min With 
initial and final hold times of 10 min. 
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Fig- 8. Effect Of split&s sam&ing time (&) on the sample recovery and sampIe etiog on 
the basis if K. Sample, 2 ,&I of n-C, (k’ = 0.4) and n-C,, x,4’ = 11.8) diluted l@ :I in~carbon di&M~. 
Column, 25 m x 0.25 mm I.D. OV-101, isothermal. q , k’ = 0.4; 0, K = 11.8. : _ 
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The delay time in activating the injector purge flow, dt,, is aIs0 an important 
experimental variable. The, purge activation-delay time is the time between the. start 
of saniple injection and the time at which the sample/solvent residual vapors are 
purged out of the injector. Purging the injector too soon (e.g., dr;, < 5 set) vents 
a very large fraction of the total sample out of the injector such that sample recovery 
is low and the least volatile components are preferentially sampled on to the cohunn 
At dt, > 2-3 min, back-di%sion of the sample in the injector on to the column 
begins to occur. The result is that the column efficiency is degraded and the solvent 
peak protie begins to tail appreciably. 

Fig. 9 shows that (a) for optimal sample recovery, dt, > 40 see is recom- 
mended, (b) the sample recovery is independent of k’ aud (c) the column and system 
efficiency (N/L plates per meter) is independent. of d tz_ In this injector design, a value 
of dt, = 40 set corresponds to more than six injector purge volumes at a cohunn 
flow-rate of 1 ml/nun. This appears to be the minimum number required for this 
length to volume ratio, which implies that the mixing mechanism is not one of linear 
dilution. Fig. 9 illustrates why some workers have reported obtaining different chro- 
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Fii. 9. Effect of purge activation time (&) on the sample recovery (relative peak height) aztd separa- 
tion efficiency (N/L, plates/m). Sample, 2~1 of n-G (k’ = 1.8) and ~-CID (k’ = 11.4) diluted IO%1 in 
&on disulfide. Column, 25 m x*0.25 mm I.D. OV-101, isothermal. .a, k’ = 1.8; 0, K = 11.4. 

matograms when Bt, was varied by only l-2 set and one of the reasons why their 
quantitative reproducibility was poor. Contrary to popular belief, peaks eluting close 
to the solvent peak are not broader than peaks with a large k’ and the column ef- 
ficiency is not a function of dt,. In fact, our real-time computer measurements have 
shown that the cohnnn efficiency is higher for early than late peaks, and that peaks 
eluting immediately -after the solvent show more theoretical plates .than would be 
predicted from theory. 

Sahple eflects 
.The &kc& of the volume of sample injected areshown in Fig, 10. Both samples 

are the same and the GC conditions are identical. The most obvious effect is the 
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dependence of retention time on the sample volmng injected. The retention time shifts, 

_the diExences in separation efficiendy and the separation number -for -homologous 
pairs are summarized in Table I. ’ - .. --8. - I. 

-. .._ .: 

2539.43 20.45 47.80 

TIME min 

* 247 1835 28.05 !54.53 
ml& mh 

Fig. 10. Effect of the sample size in the splitless mode on the retention time, separation efficiency and 
resolution. (A) 1.0 pl injection of nG, n-G and n-C,, diluted I@:1 in kooctaue. (B) 9.5pl injection 
of the same sampIe. Column, 25 m x 0.25 mm I.D. OV-101, isothermal at 34”. 

Table I shows that: (a) precise reproducibility of sample &k is re&red&om 
run to run if reproducibility of retention time is requkd, especially for peaks eluting 
immediately after the solvent peak (change in retention time decreases with k’); (b) 
because the separation number and the columu efikiency depend. on the ret@ioq 
time, they will vary as the retention times are shifted; (c) the column efficiency for 
n-C, is abnormally high for the given k’ and increases considerably with sample-siq 
bqause the only effkct is a retention time shift. The mechanism and causes of these 
effects are discussed in detail ekewhere16. : : 
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TABLE J-- ._ : -: :: 1: 

EFFECTS Oi? SAMPLE VOLUME ON CAPILLARY-CO&&N GC PERFORMANCE WITH 
SPLlT&EsSSAMPLING ) :. : -, 

Sai$ie id&~ Property Tsoocmle' K-cs n-c-g . Ii-C,0 
(fl) : .: . . .. 

1 Rete+ion time (tR) (min) 2.5 9.43 .20:05. 47.80 
.9.5 : -.2.5 18.85 28.05 54.53 

: DikFerence” (%) - loo 15 
1. 
9.5 -.: 

Theoretical plates/m (N/L) - 4390 E30 2750 
- 14.4clo 2360 935 

DifKeren&” (%) - 230 20 _..* 

1 .’ Separation ntimbei (SN) - 43 -45 
9.5. :. .- 25 23. 

DifFerewe” (“/,) - 40 50 

‘* Retention time of t!xe soIvent peak represents the etution time for the leading edge of the 
solvent front. 

l * Differences cakulated relative to the l.O+l sample size. 
*** CaIculation is not meaningful because the large sample injection resulted in. g column over- 

loading fOilZ-C~e. 

The solvent effect is seen to be equally effective for both injections because 
the n-C8 peak widths at half-height for the LO- and 9.5~pl injections are 4.02 and 
4.45 set, respectively. One of the column eEciencies reported in Table I (e-g., 
14,400 plates/m) clearly exceeds the theoretical limits calculated from the Van Deemter 
equation. Measured values in Tables I and II exceeding 5000 plates/meter should 
be considered as %nomalous values” of the total number of theoretical plates because 
it is seen that the peak width is approximately independent of the stiple Size because 
of the peak sharpening by the solvent effect. The shift in retention time of 100% 
for the n-C* I&ak therefore gives abnormally bigb values for N/L. owing to the 
fundaiuental behavidr of the solvent eff&t. All of the measurements ‘and calculatidns 
reported here were made on.the real-time minicompu$er-based data system. Therefore, 
peak widths reported to 0.01 set and column efficiencies calculated to three significant 
figures are consistent with the accuracy of the computer system and the algorithms 
used_ 

AIthough. it is seen that excelieit chromatographic results and solvent peak 
profiles are obtained with sample injections of up to 10 ~1, the limitation of such 
large &jections may be overloading of the column. This is indicated by the triangular 
n-Cl0 p&c for the 9.5-pl injection in Fig. 10. Obviously, smaller sample sizes than 
9.5 ~1 could have been injected, or more dilute solutions could have been used becatie 
the signal-to-noise ratio for n-C & in the latter chromatogram was >2OiJO:l. Smaller 
sample sizes for splitless injections have the advantage of minimizing liquid phase. 
stripping in the coltiti and, therefore, increasing the column lifetime. 

Fig. I1 illustrates the effect of the type of solvent used and the relationship 
of its boiling point to the initial column oven temperature. The results are summarized 
in Table II, 

Although the difl&nce in the number of carbon atoms in the two solvents 
is only two, the difEience in boiling points is 62.3”. Therefore, the n-CS separation 
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was rui only 4” below its boiling point. It is evident that a good solvcut effect was 
not obtained from the fact’ that the soivent peak shape is. poor and- shows some- 
tailing and the column efficiency is not comparable to the n-C, separation eveti though 
the same cohimu, goti-rates, temperatures and sample sizes were +sed for-j+ chro- 
matograms. The n-C, separation was rnn 66” below the boiling point of the solvent- 
&rid the improvement is clearly evident. 

It shouId be noted that the higher boiling solvent increased the retention times 
because of the large difference between the boiling poinr of the solvent aud the col- 
-umn oven temper+re. Again, the difference in column efficiencies can be accounted 
for by the fact that the peak widths of the n-C8 peak for the n-C5 aud n-C, solvents’ 
were about the same (4.84 and 4.08 set, respectively), whereas the retention rimes. 
changed by a factor of 1.7, resulting in an anomalous number of theoretical plates. 

In order to mitiimize the analysis time and to obtain good solvent effects, it 
is recommended that the initial c&mm temperature be at least 15”, 30-N” if p.ossible, 

I - 

s 230890 is57 47.75 z 2.47 15.12 24.68 52.40 
a TIldf. mh 

cy TIME. mln 

Fig. 11. Eli&t of the.solvent type and column tempemture in splitks sampling on the retention time, 
separation elkiency and resolution. (A) 6.U+ injection of n_Ca, n-c, and n-Cl,, diluted lO%l in 
JIG; @) 6.0-/d injection of the same sample on the same column (Fig- 10) also _at 32”. 

TABJXII 

EFFECfS OF SOLVENT TYPE ON CAPILLARY-COLUMN GC PERFORMANCE WITH 
SPLITLESS SAMPLING 

Solvent Property 

Retention time (t& (mh) 

Difference” (ya 
Theoretical plates/m (N/L) 

DiiTerexxe* ( ya 
Separation number (SN) 

Difference” (Oh 

t: 

lb 

15.12 8.9 24.68 I957 

70 2.5 
- 2700 1!300 
- 10.900 .2600 
- 300 35. 
- 36 
- 31 
- 15 

47.75 
52.40 
10 
1450 
1350 
5 

34 
30 
15. 

l Retention time of the sohent peak represents the elution time for the le+ling ,$ge of the 
kosolvent %ont_ 

l * Differences calculated relative to the n-C5 solvent. 
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below the boiling point of the solvent. Thus, if the initial cohunn temperature for 
the n-C, separation had been 70-80”, the solvent peak width would have been de- 
creased, the solute retention times would have been decreased and a good solvent 
effect and cohunn efficiency would have been achieved. Therefore, control and re- 
settabiity of the initial column oven temperature is essential, especially for low- 
boiling solvents. 

The shift in the retention time of n-Cl0 is shown to correlate well with the 
boiling point of the solvent :k Fig. 12. A nnsnber of different solvent types on a 

’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ J 
0 20 40 60 80 100 120 

SOLVENT BOILING POINT, OC 

Fig. 12. RekaZiombip be&en the ret&ion time shift for splitless sampliry and the boiling point of 
the solvent. Test solute, n-C&; CO~UIM, OV-101 at 30”. 

non-polar column (OV-101) at 30” covering a boiling point range 0; 75”were found 
to follow the expression 

In tR = 1.67. 1O-3 Tb + 7.89 (1) 

where Tb is the boiling point of the so&ent. Eqn. ‘i will give the same_ slope ,for all 
low-boiling_solvents on_non-polar columns. However, the intercept will be a function 
of tbe initial or isothermal.column oven temperature. It is interesting that all of the 
solvents show an excellent fit to eqn. 1 regardless of the types of functional groups, 
aromatic character, etc., with the exception of toluene. Tolnene does not fellow eqn. 
1 because it has a large dipole momeut md a high boiling$oint relatke to the column 
oven temperature, Le., the dipole mdment is effective in inducing very.lArge retention 
time. shifts, whereas the low-boiling solvents are so volatile_ that there is no dipole 
moment effect’. The-solvent boibng point efkt shown in Fig. 12 shifts the retenti+ 
time of n-Cl0 .by >6: min by changing only from diethyl ether (boiling point 34.6”) 
to isooctaue. (boiling point 99.3”) when all other conditions are held ~coustaut. The 

.._ i 
._ 

* A tit&red qlanation of the dipole moment effect will be given in a futute publi~tiod’% 
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Fig. 13. Splitless capillary separation of n-&-n -C,, hydrocarbons in n-t& $ample si.%e, 2 pl: AZ, = 
3 set; Ati = 42 set; column, 30 m x 0.25 mm I.D.; temperature prom, from 120’ to 280’ at 
S’fmin with a final hold of-43 min. 

relative retention time shift of solutes with a smaller k’ than that of n-Cl0 will be 
even larger. 

Precision and automation 
The da@ presented here show the necessity of having high-precision instru- 

mentation._for capillary-column GC for c+roi, regulation and resettability. Using 
the commerciaiiy available instrumentatio.$ .previousiy desdribed, a sample of n-C13- 
n-Cs2 was used to t&t the reproducibility of the system in the temperature-programmed 
mode. A. typical chromatogram is shown in Fi g. 13 and the res& of eleven conseci 
utivt Determinations are given in Table III. 

From Table‘ III it can be seen that by complete atitomation of a splitlesS 
capillary systen, -fiat reprod&ibility of the retesitio- time. is nominally of the order 
of 0.05% (or 900 n&c in 30 min) z$d peak areas arc reproducible to abdut 1%. 
The precision of the peak area is therefore basically limited by- the reprodticibiiity 
of the AutoSarnpIer for inj&tions of this sample size. 

The ‘dramatic effects 6f the. sa&ple size and solv,tnt .&pe .on retentidn tirnc 
can introduce errors in the most sophisticated coniputeriz%i peak ide&f&tio~ and 
reporting techniques. The CDS-l 11 uses two time refereno: peaks to compensate for 
the non-linear time shifts that occur.witb v2ri2tions in sarnplz size in splitless sampling. 



SPLZTLESS SAMPLING FOR CAPXLLARY GC 105 

TABLE ill 

REPRODUCXBlLlTY OF SPLITLESS SAMPLING ELEVEN CONSECUTIVE DETERMINA- 
TIONS 

Peak fR fmin) Relative 
standard deviation of tR (%j 

Nornta.5zed -. Relative 
peak iea, A (%) stami?arddeviWon~f A ($ 

n-c, 9.7 0.10 15.35 
n-C,, 19.95 0.03 18.26 
n-c, 47.98 0.02 10.65 
n-cu 53.89 0.02 12.38 
n-C*6 60.66 0.03 10.52 
n-c, 70.64 0.05 1597 
n-c32 86.19 0.06 16.88 

MG3U 0.04 
- 

0.99 
0.57 
1_20 
0.89 
1.05 
0.76 
1.23 

0.95 

However, the computer can also handle the large changes in retention times that 
may occur when a diEerent sample size or solvent is used in other sample preparation 

or analysis procedures. A separate computer method is called up from memory (man- 
ually or automatically) when the analysis changes. Each method is tailored for specifk 
retention times, which allows the computer to identity peaks reliably. 

Simplex optimization 

Because of the number of experimental variables involved in splitless sampling 
for capillary-column GC and the general confusion regarding the effects or optimiza- 
tion of these variables, the results of a simplex optimization study are reported here 
for the purposes of simplifying the procedure and making general recOmmendations 
for the application of the technique_ Simplex is a sequential experimental technique 
for optimizing the performance of a system, such as in GC. It produces a new list 
of parameter settings that will shift the operation of the system towards a better 
performance, based upon the previous experimental results. As it is an empirical tech- 
nique, the system under study does not have to he mathematically modeled in order 
to be optimized. 

Simplex can simultaneously adjust all parameter settings after each experi- 
ment, which reduces the total numhcr of experiments necessary for achieving optimal 
performance. There is also a reduction in the number of experiments required in 
comparison with classical experiment design (evaluation of five parameters at four 
points requires 1024 experiments). Simplex and its application have been described 
elsewhere17-zo. The variable-sized simplex of Nelder and Mead*’ was used because 
of its ability to cover the entire range of each parameter in the initial series of experi- 
ments, thereby improving the chance of settling on the “global” or true optimum 
and not a local maximum in the response. 

The range of values studied for the five most important splitless parameters . 
is-shown in Table IV, together with the optimized values. 

.. Four criteria. were used to evaluate the quality of the sepatition from the 

splitkss~ injection for purposes of optirnkation: (a) the ability -to separate a peak 
from the -back. side of the solvent peak (percentage valley height); (b) the fraction 
of the sampfe injected that vms actuatiy transferred to the column (sample recovery); 
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TABLE .lV . . 

SIMPLEX OFTIMIZATION OF SPLITLESS SAMPLING _: _-: 

Conditions: Column temperature, 32”; sobent, &octane (boiling point 99.3”). 

InitiaI range of vahs Opttinized values 

180-300 220 
5-10 7 

20-50 30 
0.5-l .o 0.6 

2-10 6 

(c) the discrimination eiTects of the sampling procedure on sample composition (fin- 
earity); and (d) the relative effi.ciency of the cohunn (N/I&_ These four parameters 
are shown in the chromatogram in Fig. 14, and the equations are as follows: 

V+ley height (d!= 500 exp( A:_& ) 
. 

(2) 

where a is the valley height above the baseline and b is the height of the solute peak. 
The value of -7.2 produces 50 % of the maximum valley height score at a 5 % valley 
height. 

Sample recovery = 100 
[ 

(&I,)~XP/P~ 

(&&,,&l 1 (3) 

where A is the normalized peak area. The maximum n-C,,, area/p1 normalizes the 
results to the largest n-Cl0 area/@ value observed. 

Linearity = 3041 - i R’R,RE 1) 

where R+ is the true C1,,/Cg area ratio and RE is the experimentally measured area 

where the (W%lo.,, normalizes the results .to the 
experimental set. 

largest (N/L)c10 .observed -in the 

Note that the four criteria were weigh&l in the ratio of 5:3:1:1. Lt seemed 
reasonable in this instance to assume that one instrumental parameter may .aEect 
more than one of the analytical criteria and that two or more instrumental parameters 
could interact with each other. For example, the injector temperature can af&ct the 
sample recovery (back-flash at high temperatures), linearity (loss of higher moiecular 
weight compounds at Iow temperatures) and sample size (back-&h at high sample 

(5) 
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sizes and injector temperatures). In these instances, only multi-dimensional optimiza- 
tion techniques are feasible as one-parameter variant studies often result in the loca- 
tion of pseudo-optima. 

It was desirable to optimize the instrumenta parameters for a speci& sample 
according to the four criteria mentioned. This would allow the conclusions from the 
individual parameter studies to be tested in a real application. The sample (n-C,, 
n-C9 and n-Cl0 in isooctane at a 1W:l dilution) and column temperature (32”) were 
held constant. Six initial experiments were required, after which simplex computed 
the next experimental conditions based on the previous results. Each experimental 
chromatogram was evaluated by computer to determine N/L, peak areas, peak heights 
and valley heights. The four criteria were calculated and the overall ratiug of each 
experiment was the sum of the four weighted criteria. 

The optimization was stopped after 44 experiments, when the numerical ratings 
of the experiments became virtually constant and the simplex had undergone repeated 
contractions, indicating the optimum was probably within the area bounded by the 
simplex. The resulting chromatogram is shown in Fig. 14. The optimized values agree 
with the general guidelines developed earlier. The injector temperature was moderate 
(22”). The sampling and purge activation times were smaller than those determined 
with carbons disulfide as solvent, but are reasonable and Gould probabiy be in the 
vicinity. of the “knee” in the peak height verse At, and At, curves for the solvent 
used. The cohunu.fIow-rate settled near the optimal linear velocity of the carrier gas 
(helium, 20 cm&). The sample size was found to be larger (6 ~1) than normahy 
used. This is thought to be due primarily to a faster increase in the n-C8 peak height 
than valiey height with sample sixes up to 6 ,A. Selection of different criteria (e.g., 
column resolution or length of analysis) would result in different optimal values. 
particularly the colum& flow-rate, sample size and c&mn temperature. 

CCjNCLiJSIOtiS 

This study .has shown the effects of the operating parameters on splitless 
sampling in capillary-co1umn GC and that high-precision results with automated sys- 
tems cart be routinely obtained. The following general guidkliues result from &se 
studies and should be implemented for the successful practice of splitless sampling: 

(I) Sample sizes between 0.1 and: 10 ,A may be injected. 
(2) Rate of sample injection = 1 ,uk/s& 
(3) Samfiling time, At, > 20 sec. 
(4) Injector purge delay time, At, > 40 sec. 
(5) Effective dynamic range of sample dilution is 105:l. 
(6, ZM.. C 2X0", nominally for solvents with boiling poiutr. < 100”. 
(7) Use low-boiling solvents such that the solvent boihngt point is 25” below 

that of the.fir& peak of interest. Solutes with a smaller boiling-point difference will 
co-elute with the solvent. 

(8) Iuitial column oven temperature should be 15-30” below the boiling point 
of the solvent. 

(9) Solutes that elute ahead of the solvent will not be separated efficiently or 
quantitatively unless there is a large dk’ between the solutes of interest and the solvent 
p=h- 
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Fig. 14. Optimized split&s sampling capillary chromatogram, showing the criteria Fd for the 
simplex optimization. The valley height’$vas caIcuIated from the peak height (b) and vaRey hkight 6~). 
Linearity was calculated for the ~-&-K-C, pair, and separation efficiency f&m the n-G peak. 
Dilution. 109; At, = 7 set; At, = 30 set; sample size, 6~1; carrier gas flow-rate, 0.6 cm3!min; 
column_ 18 m x 0.25 mm I.D_ OV-101. 

It has been shown in this work that the limitations of splitless sampling for 
capill&-coluti GC cited elsewhere5 are not of general concern. Specifically, (a) 
the mass transfer of the vaporized sample from the injector to the column is a slow 
process, but does not cause peak broadening when proper experimental procedures 
are followed. In fact, the peak sharpening of the solvent effect results in very high 
separation eflicienciesfor peaks with low k’ and the same efficiencies for peaks with 
large k’, as .in other capillary~olumn GC sampling modes. (b) The solv&t effect 
does. shift the-retention times significantly but not the retention order. Therefore, 
the polarity of the stationary phase is not changed for peaks that are well resolved 
from the solvent peak. (c) There is no high-boiling sample discrimination in the 
splitless mode if At, is roughly optimized for the solvent used, and all of the “ground 
rules” for splitless sampling are followed (see above)_ (d) Long residence times in 
the injector are not necessarily detrimental for most samples analyzed by _epillary- 
column GC because the volume-to-surface area ratio is large, lower injector tem- 
Fratures are used than for splitters and the solvent-to-solute concentration ratio is 
very large so that surface effects are blocked by the solvent molecules.- Therefore, 
we believe that this work has shown that splitless sampling is an effective technique 
for use in capillary-column GC. 
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