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PHASE LIQUID CIIROMATOGRAPW 

Gert E. Berendsen, Peter J. Schoenmakers and Leo de Calan 
Laboratory for Analyticai Chemistry, Delft University of Technology 

Jaffalaan 9 ,  2628 BX Delft, The Netherlands 

Gyula Vigh, Zita Varga-Puchony and JOnos Inczbdy 
Institute for Analytical Chemistry, University of Chemical Engineering 

P.O. Box 28, H-8201 Veszprh, Hungary 

ABSTRACT 

The determination of the hold-up time in reversed phase liquid chromato- 
graphy has been studied extensively for the mobile phase system methanol-water. 
Hold-up times obtained by static methods, linearization of homologous series 
and so-called “unretained compounds” are discussed and mutually compared. 
Several n-alkyldimethylsilyl bonded phaaem have been used for this investigation. 

A rough estimate of the hold-up time can be obtained by using components 
of the mobile phase or highly concentrated salt solutions, but only for mobile 
phase compositions around 60% (v/v) methanol. Hold-up times accurate to 1% can 
be obtained over the complete range of mobile phase compositions from the 
linearization of net retention times of homologous series. 

INTRODUCTION 

An important problem in reversed phase liquid chromatography, RPLC, is the 

determination of the hold-up time. The problem is particularly serious when 
chemically bonded reversed phase packing6 are used because the boundary between 

the stationary phase and the mobile phase is not well defined. For comparison 

of retention data and for the interpretation of physical phenomena, the capacity 

factor, k, is the fundamental parameter. However, determination of k requires 

the knowledge of the hold-up time, to. 
The concept of hold-up volume has been discussed in depth by Horvath and 

Lin 11 I .  According to their analysis the hold-up volume of a solute will vary 
between the interparticle volume, Vex, and the sum of the intraparticle and 
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1670 B E I O S E N  ET AL. 

i n t e r p u t i c l e  volume, Vin + V,, of t he  column. The d i s t i n c t i o n  depends on t h e  

extent t o  which the  pores are accessible  t o  t h e  so lu t e  i n  concern. If  a Solute  

is t o t a l l y  excluded from a l l  t he  pores (e.g.  by i ts  s i z e  o r  by e l e c t r o s t a t i c  

repulaion),  it w i l l  be swept through the  column i n  t h e  s h o r t e s t  possible  time, 

the  exclusion t i m e .  If exclusion e f f e c t s  are not operat ive and it is pos tu l l a t ed  

t h a t  a l l  chromatographically ac t ive  so lu t e s  have f r e e  access t o  a l l  pores,  then 

we conclude that such so lu t e s  experience one common hold-up t i m e .  In o t h e r  words, 

our COnSideratiOM ace not va l id  i f  molecular s i z e  or o the r  e f f e c t s  play a r o l e  

(as, e.0. i n  GPC). 
In Contrast  to go. chromatography, Gc, no preferred and general ly  accepted 

method f o r  t he  determination of t has emerged i n  RPLC. Even f o r  t he  widely used 

mobile phase system methanol-water many d i f f e r e n t  procedures have been suggested 
tha t  can b e  divided i n t o  th ree  general  categories .  

1 .  Unretained compounds 
In analogy t o  the u s e  of a i r  i n  GC, several  possibly unretained compounds 

have been proposed f o r  LC. 

Frequently, one of the  mobile phase components is used. Colin e t  a l .  use 

pure water 121, whereas o the r s  13.41 opt f o r  pure methanol a t  a l l  binary compo- 

s i t i o n s  of methanol and water. Scot t  and Kucera used water ( 5 1 ,  but r ecen t ly  

they propbsed the  use of methanol f o r  e luen t s  r i c h  in organic modifier 161. 

They assume a constant r e t en t ion  f o r  methanol f o r  mobile phases containing more 

than 70% (v/v) methanol. 

Instead of water,  the use of deuteriumoxide has a l s o  been advanced fo r  all 

mobile phase compositions 14.71. An extension of t h i s  is t h e  suggestion of 

HalAsz 18 I t o  use  radioact ively labeled solvent components. Also water-organic 

modifier solut ions having a s l i g h t l y  d i f f e r e n t  composition r a t i o  from t h e  mobile 

phase are used IS 1 . 
ly, such ad u r a c i l  19 1 , phenol i n  pure methanol 110 1 o r  cytosine 111 1 . In a l l  

t h e m  case8, a possible  r e t en t ion  of t he  in j ec t ed  compound is t a c i t l y  or expl i -  

c i t l y  ignored. Such problems seem t o  be absent i f  salt so lu t ions  are used t o  

der ive the hold-up t i m e .  In most canes a s m a l l  amount of a W-active salt is 

injected,  such as sodium n i t r a t e  11,121, Sodium denzene sulfonate  1121 and 

potassium dichromate 113-18 1 ,  but also W-non-active salts  as sodium chlor ide 

1171 are usod. A s  w i l l  be shown later, such low concentrations grossly 

unde res thn te  t h e  t r u e  hold-up t i m e  of t he  column. 

Instead of eluent components other  compounds have a l s o  been used occasional 

2. Static methods 
According t o  one method the packed column f i l l e d  successively w i t h  two 

solventa of s u f f i c i e n t l y  d i f f e ren t  densi ty  (0 .g.  tetrachloromethane and methanol) 
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DETERMINATION OF HOLWUP TZME 1671 

is weighed (18,191. The total volume taken up by the mobile phaae can then be 
calculated as 

‘“1 - w2 

p1 - p2 P 

where w and p 8re the weight of the column m d  the density of the aolvent8, 

respectively. 

Obvioualy, eq. (1) ignore. the poaribility that the atationuy p h m e  ia 

solvsted by part of the mobile ph8.e. Unleaa a correction ia r8de for the aolva- 

tion layer llSl the weighing method provides an upper limit to the hold-up 
volume of the column. 

A a h i l u  problem ariaea, i f  the hold-up time is derived from a plot of 

gross retention timer veraua diatribution coefficients determined by static 

methods. 

Thia method may be applicable to liquid-liquid partition chromatography, 

for which the static di8tribution coefficienta can be measured between the two 

correaponding bulk phases I20 1 . 
However, it is difficult to see how it can be applied to chemically 

bonded stationary phases, where bulk pnrtition coefficienta are invalid and 

the solute concentration can only be meaaured in the mobile phnse, the volume 

of which la undefined once it has been brought into contact with the chemically 

bonded phase. 

3 .  Linearization of the net retention time f o r  homologous series 
A method, well known and extensively discussed in gas Chromatography 

((21,221 and references quoted therein), has been reconsidered for LC by Al- 

Thamir et al. (231. It assumes a linear relationship between the logaritma of 
the net retention t h e  and the carbon number of a homologous aeries. The hold- 

up time is then derived from a series of measured gross retention times either 

graphically by trial and error, I24 1 , or by calculation 125,26 1 . 

, 

Applying the retention equation, tg = to (1 + k), to two consecutive 
homologous, n+l and n, we obtain 

where A is constant within one homologous series. Hence 

By plotting tR,n+l againat t we obtain A a1 the slope, and with R,n 
this, to, from intercept. Note that every member of the series is used twice in 
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1672 BEREXDSEN ET AL. 

the  linear regression except t he  f i r s t  and the l a s t  one. The possible  weak poin 

of t h i s  procedure is t he  rusumption t h a t  l i n e a r i t y  is v a l i d  throughout the 

whole series, d o m  t o  the rrmrllest members. 

In t h i s  paper t he  above methods f o r  the determination of the  hold-up t i m e  

w i l l  be compared. In order  t o  be independent of the  column dimensions the hold- 

up t i m e  w i l l  be converted t o  column porosi ty  according t o  

where Vc is t he  enpty column volume and F t he  flow rate of t he  mobile 

phsse. The da ta  obtained w i l l  vary between a minimum v+ue ( the  exclusion 

porosity cell = Vex/vc) and a m a x i m u m  value (cmU = (Via + Vex)/Vc) a s  

determined by weighing (eq.1). The la t ter  value can also be calculated from t h e  

molecular propert ies  of t h e  chemically bonded chains I27 I. 

EXPERIMENTAL 

AppaPUtu8 cmd ChmiCal8 
The chromatographic apparatus used is a Waters Liquid Chromatograph 

equipped with a MBOOO pump, a UBH i n j e c t o r ,  and a de t ec to r  (401 R I  o r  440 UV). 

Injector ,  column and detector  were thermostatted 1281, whereas the connections 

between column and i n j e c t o r ,  and column and de tec to r  were ca re fu l ly  i so l a t ed .  

The dimensiolu, of t he  columns were 300 x 4 . 6  mm. 

A home-made conductivity de t ec to r ,  CD, 1291, connected t o  a Radiometer, 

Model CDN 3, was used t o  measure non W-active s a l t s ,  such a s  KBr.  

Chemicals, home-made bonded packings (RP-1 up t o  RP-22), and the  packing 

procedure have been described elsewhere [ 30-32 I . In add i t ion ,  some experiments 

have been performed on commercial a l k y l s i l y l  phases, i . e .  Merck RP-18 and 

Varian MicroPak CH-10. 

Standardization 
A l l  e l u t i o n  and exclu8ion t i m e s  obtained were corrected f o r  outer column 

residence tine and normalised t o  a flow rate of 1.5 ml/min. The flow r a t e ,  and 

in the  case of t he  commercial columns t h e  e lu t ion  volumes were continuously 

measured with a ca l ib ra t ed  buret  which w a s  c a re fu l ly  d r i ed  before every measure- 
ment. The buret  was f i l l e d  v i a  a special  i n l e t  constructed a t  t he  bottom. 

Meacruremmts on salt8 
S a l t  solut iona are commonly used for the determination of t he  hold-up 

tine. 'Therefore, w e  invest igated d i f f e r e n t  kinds of salts and the  inf luence of 

both the  concentration o f  t h e  injected salt solut ion and the  ion ic  s t r eng th  of 
the mobile p h u e  on the  per l -posi t ion.  These measurements were ca r r i ed  out with 

various RP-18 columns and are presented in f igu re  1. Fig. la show t h e  ac tua l  
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DETERMINATION OF HOX.D-UP T M E  1673 
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FIGURE la 
Influence of mount of KBr injected on peak-shape measured with a conductivity 
detector .  Conditions: 1 . 4 9  ml water per min. on a homemade RP-18 colwnn. 

chrOmatOgrPmS obtained for increasing amounts of KBr injected in pure water as 

the mobile phase. 

An increase in the amount of KBr causes the peak-top to shift to longer 

elution times. However, the peak always starts at the same point, even for 

injections of the saturated solutions. This is indicated by the recorder trace 

for 15 y 1  of the saturated solution at a CD-sensitivity of 5 ,uS.  The same 

injection recorded at a sensitivity of I mS shows the shift of the peak-top. 

Although for still larger injection volumes the peak m u i m u m  keeps 

shifting, this effect is actually caused by the fact that the injection volume 

becomes too large. After correction, the true position of the peak maximum 

remrins virtually constmt froa 15 y1 upward. Consequently, with increasing 

amounts of salt injected, the apparent hold-up time in water varies from a low 

value of 84 seconds to a maximum value of 134 seconds. 

A more extensive analysis is presented in figure lb. Different amounts 

of KI in 10 yl volume have been injected using three different mobile phases. 

In agreement with figure 1 the elution volume of the start of the peak is 
independent of the injected amount and corresponds to a column porosity of 0.40. 

Since the start of the peak will be influenced by the sensitivity of the 
detection system, it is not a meaningful parameter and its use should be 
avoided. 
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If in  pure water or pure methanol the amount of KI is increased, the 

peak-position f i r s t  remains unchanged (corresponding t o  a porosity of 0.42), 

but  for amounts exceeding 1 pg it s t a r t s  t o  s h i f t  t o  longer residence t i m e s .  

Ultimately, at  1000 ug, which is close t o  saturat ion,  the peak maximum levels  

oZf a t  a porosity of 0.68 for M d H  and 0.72 for HZO. The l a t t e r  value is 

vir tual ly  equal t o  the m u i n u m  column porosity determined by weighing (see 

below). Finally, i f  dif ferent  amounts of KI are injected using a 1M NaBr 

solution in methanol as the mobile phase, the peak top is always close to  the 

m a x i m u m  column porosity. 

These resul ts  can b e  explained as followa. I n i t i a l l y ,  a t  low e lec t ro ly te  

concentration the salt is excluded from the pores of the  packing, presumably 

due t o  e lec t r ica l  charges on the phase surface (331. With increasing e lec t ro ly te  

concentration i n  the mobile phase the ion exclusion e f fec t  is suppressed and 

the pores become accessible t o  the salt. I t  is immaterial whether the enhanced 

ionic strength of the  mobile phase resul t8  from the injected s a l t  i t s e l f  or 
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DETERMINATION OF HOLD-UP TPIE 1675 
from an electrolyte added to the mobile phase. Obviously, at low concentrations 
( <10-3Y) an injected salt .elution yields the exclusion volume. At high 
concentration ( <lO-lY) the maximum of the salt peak may indicate the maximum 

hold-up time; thia will be discussed later. 

Various inorganic 6alts (NH4N03, N.N03, FeC13, and K Cr 0 ) and HC1 were 2 2 7  
also used to measure the exclusion poroaity. All 6how exclusion porositie6 

similar to that obtained with KBr and KI. 
However, CuSO and Fe50 showed A porosity of 0.53 and 0.63, respectively. 4 4 

This indicates that these salts are not completely excluded. 

the range of 2S-6O0C). 

All oxclusion data were found to be independent of the temperature (over 

Residence time of mobile phase components 
The residence time of mobile phase components was measured with a 

refractive index detector. Yethauol, water, deuterium oxide and deuterated 

methanol (CD30D) were tested. 

Linearization of homologous series 
The derivation of hold-up time from the linearization of retention data 

for seven homologous series is illustrated in figure 2. The t data were 

obtained by lineair regressing using eq. 2. 
The precision of the method was tested graphically by plotting apparent k- 
values using various holp-up times. If the hold-up time is severely under- 

estimated by using the exclusion porosity ( ~ 0 . 4 2 , tex= 84 s) the curve is 

strongly convex. If, on the other hand, the residence time of water (135 s) 

is used, the curve is significantly convex. 

Perfect linearity and mutually consistent data are obtained with an average 

value of 136 2 1 8 .  This uncertainty agrees with the precision of each 

individual result, so that there is no reason to assume significant variation 

between the linearization time of the different hamologous series. The same 

equality of to,lin was also observed between n-alkyliodides and nitroalkanes 

on RP-18 in pure methanol and in 80:20 (v/v) methanol-water. 
The question remains, how far the assumption of linearity between log k 

and nc can be extended to the smaller members. Tao arguments can he  offered 

in favour of linearity. The first is the completely random scatter of data 

points around the calculated straight lines. If linearity were enforced 

artificially, we would observe a systematic deviation of consecutive data 

points around the straight line (e.g. a how shape). This was never observed. 

Secondly, no significsnt variations in hold-up time were observed when the 
analysis was restricted to a smaller number of homologues. 
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1676 BERENDSEN ET At. 

(34.7 
I 

0 4 8 12 16 

FIGURE 2 

Carbon num8er.n 

Linearization of retention for various homologous series ( d  = p h e n y l ! .  
The linearization times obtained from linear regression (eq.  3 )  

are indicated next t o  each straight line. 
Conditions: 9O:lO ( v / v )  MeOE/HzO, 1.40 m l h i n ,  30 cm RP-22 co~wrm. 

The choice of an appropiate ser ies  is very much dictated by pract ical  

considerations, such M solubi l i ty ,  ava i lab i l i ty ,  and detectabi l i ty .  For exaaplc 

tho selection of a UV-8ctive aeries, such as alkyliodides or benzoic es te rs  has 

obvious advantage. in term8 of detectahi l i ty .  However, the so lubi l i ty  of even 

the shortast f o u r  alkyliodides and benzolc eaters  is l o r  in mobile phases with 

l o r  modifior content. 

We, therefore, prefered t o  uae n-8lcohols. A l l  mem6ers from ethanol 

upward were us&. For pure w 8 t e r  a s  mobile phMe even methanol can be included 

i n  8 series that runs only up t o  n-butanol. The disadvantage of requiring a 

RI-detoctor is far outwishod by the good solubi l i ty  in mobile ph8.e composi- 

ti0118 ranglag fram water t o  pure methanol. 
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DETERMINATION OF BOLD-UP TIME 1677 

RESULTS AND DISCUSSION 

porosities 
EC,- 

In order to determine the rulmum total column porosity, the columns were 

filled with methanol and tetrachloromethane and weighed. 

The results show an expected decrease with increasing length of the 
cheaically bonded alkyl chain. A low value of 0.70 is observed for RP-22, 
whereas RP-1 and RP-3 rhow high porosities of 0.80. Thane data agree well with 

the porosity of 0.84 meamwed for pure silic8 nnd also observed by others 

17,8,34). If there would be a sharp boundary layer between the bonded phase and 

the mobile phase, these cC values would present the actual column porosity. 

However, if the bonded chains are solvated, the actual value will be smaller, 
and consequently, the hold-up time will be smaller. 

,a= 

Residence time of the sotvent components 
The possibility to use the components of the eluent or their deuterated 

forms as unretained compounds hon been exten8ively investigated for all n-alkyl- 

silyl bonded packings. 

Data for the RP-3 and RP-18 packing are presented in figure 3. Data of the 
RP-6, RP-LO and RP-14 packings are situated in-between. In this figure the 
column porosity and the absolute retention of MeOH, A20 and D20 are presented 
as a function of the mobile phase composition, 0 .  

The curve for the RP-18 column is situated lower than for the RP-3 column. 

This is due to the larger volume occupied by the octadecyl chains. The longer 

the chains, the smaller the pore volume and hence the quicker the elution. 

Within the experimental error all four compounds, MeOH, H 0, D20 and 
CD OD, elute from the column in the same time, at all mobile phase compositions, 

except in the region of 0 = 0. In this region D20 elutes farter than methanol 
and CD30D. 

exactly the sane way, and shows a minimum at about 9 = 0.7. Scott and Kucera 

161 who carried out measurements only between 0 = 0 and 0.7, found the same 
dependency for methanol. Bowever, our data are in contradiction with those of 

Elpass ( 7 1 ,  who did not find a dependency of the elution of D20 on 0 .  

2 

3 

For all packings the residence time varies with the modifier content in 

The shape of these curves is rather difficult to explain. Bowever, if the 

E ~ , ~ ~  values for both columns are inserted in figure 5 it is clear that for 

methanol contents up to 0 = 0.3 and over 9 = 0.9 the solvent components are 
retained. This is confirmed by measuraaents at 6OoC. 

retention decreases 3 1 ,  which can be completely attributed to the axpansion of 

the mobile phase 121. In other words the residence time is independent of 

At 9 = 0.6 the absolute 
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90 I 

0 

‘orosi t y 
E 

c m a x  

c.max 
.7 

.6 

xclusion 

1.4 

FIGURE 3 

Possible estimate of hold-up time and colwrm porosity as a f m c t z o n  of 
the rnobik phase composition B IMeOH/H20, v / v ) ,  for  two different  c o L m s  
(RP-3 and RP-18). Different curves re fe r  to :  
-.-. mobile phase components CH OH, CD OD, HZO,  D20 . . , . . . peak marimum of 15 p l  sa&ted dr - lineamkation of n-utcadgts - - - peak start o f  10 rcl 10  

MarimWn c a Z m  pozvaitdscl dotemined by weighing 
M KBr 

( ea .  1 I .  
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DETERMINATION OF BDLD-UP TIME 1679 

temperature at  fd = 0 . 6 ,  which must be t r u e  f o r  t h e  real hold-up time. However, 

at  9 = 0 . 2  t he  mobile phase expansion from room-temperature to 60°C is 2%. 

whereaa the absolute  r e t en t ion  decreases over 4%. Hence, t h e  net r e s u l t  ahors 

a a l i g h t  decrease in t h e  residence time as would be expected f o r  t r u e  r e t en t ion .  

I t  can be concluded frolr theae resul ts  t h a t  a t  mobile phMe compositiona 

between $4 3: 0 . 6  and 0.7 t he  e l u t i o n  tines of methanol and water might approach 

the hold-up tin., because of t h e  temperaturcindependency and t h e  pos i t i on  

with respect  t o  E ~ , ~ ~ .  The f a c t  t h a t  t he  hold-up t i m e  ia mamewhat smaller than 

the  one correaponding t o  t h e  maximum column porosi ty  nay be a t t r i b u t e d  t o  t h e  

preaence of a so lva t ion  l aye r  on t h e  s t a t iona ry  phase. 

However, it remains questionable whether t h e  hold-up t ime derived frola 

solvent  components a t  9 0.6 can be used over t h e  complete range of mobile 

phase composition. 

Measurements on salts 
The da ta  obtained for ICBr so lu t ions  are also included in f i g u r e  5 .  The 

bottom trace represents  the exclusion porosi ty  determined from t h e  s t a r t  of 

t he  peak measured with an RI-detector f o r  a 10% KBr solut ion.  Tkis excZusion 
porosity is eqzuil for a l l  RP-phoses, and independent of the mobile phacre 
composition. 

As formulated. earlier the e lu t ion  time of t h e  peak maximum from an injec-  

t i o n  of 15 u 1  of a s a tu ra t ed  so lu t ion  of KBr in t h e  mobile phase gives an 
est imate  of t he  t r u e  hold-up t i m e  of t he  column. As expected from the decreased 

i n t e r n a l  porosi ty  the  derived hold-up time decreases d r a s t i c a l l y  when going 

from an RP-3 t o  an RP-18 phase. Also, a l l  column poros i t i e s  f a l l  below the  

maximum possible  column porosi ty  f o r  both RP-phases. This may be a t t r i b u t e d  t o  

the presence of a solvat ion layer .  

In  f igu re  5 w e  observe hardly any va r i a t ion  of t he  hold-up t i m e  of 

KBr-saturated with mobile phase composition. Natural ly ,  w e  would expect the 

solvat ion layer  t o  be smaller f o r  pure water than f o r  pure methanol. In another 

s e r i e s  of measurements the hold-up t i m e  of 1000 pig of 11 on a Merck RP-18 

column varied much more s t rongly with t h e  methanol content of t h e  mobile 

phase. I t  approached t h e  murimum column porosi ty  of 0 . 7 2  very c lose ly  a t  

0 = 0 and 0 = 1, whereas a minimum porosi ty  of 0.65 w a s  measured a t  p = 0.5.  

In ne i the r  series of measurements d id  the  temperature dependence of t he  hold- 

up time exceed the va r i a t ion  t o  be expected on the  baais  of mobile phase 

expansion. Consequently, a l l  da t a  appear t o  be independent of temperature. 

0 

These observations caa t  some doubt about t he  general  uae of concentrated 

salt  so lu t ions  f o r  the determination of hold-up times. A t  present .  they seem 
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16 80 BEBEHDSKN ET At. 

80:40 M.OH/H~O 

Porosity 
E 

‘ ‘OI  90 

Possible estimates of hold-up time and column porosity in 60:40 
MeaH/H20 as a funtwn of the volme of different  RP-phases. 
RP-volwnne can be calcutatad as the product  of themolar volume of the 
chain mrd the surface coverage I30 1. 
Symbols according to fig. 3. 

to give good results only for mobile phase. composed of nearly equal Volumes 

of water and rothnnol (0.4 < 0 e 0 . 6 ) .  

Linearization of hanologous series 
At every mobile p h s o  coapoaition we determined the linearizotion times, 

of a homologous series of a-alcohols. to,li* 
The to,lin values obtained by linear regression show a stendy decrease in 

going from pure rater, 0 = 0, to pure methmol, 0 = 1, This can be best ex- 
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DETERXINATION OF BOLD-UP TIME 1681 

plained by the phenomenon of solvation. At 0 * 0, the total column porosity 
calculated from to,lin, closely resembles the E 

the notion that solvation of a reversed phase packing will be minimal for pure 
water, becau8e the interaction between the hydrocarbon chains and water rill 

be minimal. Minimal solvation mean. a maximal internal porosity and hence a 

maximal hold-up tine. 

If meth.no1 is added to the aqueoue mobile phase a solvation layer may be 

value. This agrees with c , m u  

built up gradually, reaching its m u l m a  thickness in pure methanol. Thia 
results in a minislur internal porosity and hence in a minimum hold-up time. 

For the RP-3 and RP-18 bonded packing8 the maximum solvation volumes at 

0 = 1 are 310 and 375 pl, respectively, vhich corresponds to solvation 

layers of 0.56 and 0.69 nm, respectively. 
Both values exceed the average monolayer thickness of 0.35 nm proposed by 

Snyder 135 1 .  However, from the average methanol molecule (0.45 nm) we conclude 
that the solvation is between one and two molecules thick. 

We also Investigated the influence of temperature on to,lin between 27.5O 

and 60.0' C ,  for some mobile phase compositions. Naturally, there is a strong 

influence of the temperature on the retention of the individual members of the 
homologous series. For example, the retention of the C2, C4, C and C members 

of the n-alcohol series, progressively decrease with 4 ,  15, 34 and 53%, respec- 

tively, at 0 * 0.6 on an RP-14 column. However, after correction for mobile 
phase expansion the values derived for t o,lin appeared to be completely in- 

dependent of the temperature. 

6 8 

The fact that the saturated KRr-curve, the to,lin-curve and the solvent 

data between $3 = 0.6 and 0.7 show no Influence of temperature indicates that 
the real hold-up time for the RP-18 column corresponds to a total column 

porosity between 0.64 and 0.72,. and for the RP-3 column, between 0.74 and 0 . 8 0 .  

Comp&son of n-aZkylsiZyZ bonded phases 
We have also compared the n-alkylsilyl bonded phases, RP-1 up 

to RP-22, mutually and with the original silica support. Fig. 4 

presents data for M&H, H20, D20, saturated KBr and the lineariza- 

tion times at a mobile phase compoaition of 0 = 0.6. This compo- 

sition was chosen because of our conclusion that the elution times 

of M&H, H 0 and D20 might approach the hold-up time only between 

9 = 0.6 and 0.7. Remarkably, all three curves run closely parallel. 
Obviously, the data obtained for the hold-up t h e  decrease linearly 

with increasing volume mcupiud by the bonded phase. Only If all 

phases had equal surface coverage, then this volume and hence the 

2 
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1682 BERENDSEN ET AL. 

to-values, would also be proportional t o t h e  bonded 

length. 

phase chain 

The maximum column poros i t i e s  of t h e  d i f f e r e n t  bonded 

packings, have also besn included i n  f i g u r e  4. Note t h a t  t he  E ~ , ~ ~  

value calculated f o r  s i l ica  is not placed a t  the  chain length cor- 

responding t o  RP-0, but r a t h e r  at  zero RP-volume. A l l  three extra- 

polated s t r a i g h t  l i n e s  fall close t o  the porosi ty  of pure s i l i c a ,  

so t h a t  on t h i s  bas i s  no f u r t h e r  discr iminat ion can be made between 

the methods applied f o r  t h e  approximation of t he  hold-up value.  

CONCLUSIONS AND RECOMXENDATIONS 

The hold-up t i m e  of a Chromatographic column is  a va l id  concept 

f o r  so lu t e s  t h a t  have f r e e  access t o  all t he  pores of t he  (modified) 

support material. I t  breaks down f o r  so lu t e s  t h a t  a r e  excluded from 

some o r  a11 the pores. I n  f a c t ,  completely excluded so lu t e s  can be 

used t o  determine the i n t r a p a r t i c l e  o r  axclusion volume of the 

column. A s  such w e  recommend the use of very d i l u t e  monovalent 

salt solut ions a t  zero ion ic  s t r eng th .  The peak pos i t i on  of up t o  

1 nmol sal t  as detected with a high s e n s i t i v i t y  de t ec to r  provides 

an estimate of t he  exclusion porosity.  In  agreement w i t h  w i t h  o ther  

authors 18, 341, an external  porosi ty  of about 0.42 was found fo r  

well-packed columns, independent of t h e  type of the chemically 

bonded s t a t iona ry  phase and the  composition of t h e  mobile phase. 

For the  determination of the  true chromatographic hold-up time 

a variety of methods has been t e s t ed .  The following conclusions 

apply only t o  methanol-water a s  t he  mobile phase. 
S t a t i c  measurements, such a s  weighing of the column o r  co r re l -  

a t ion  with static d i s t r i b u t i o n  coe f f i c i en t  can only provide an upper 

l imi t  f o r  t he  t o t a l  column porosity.  As expected, the measured 

values decrease with increasing chain length of the bonded a l k y l s i l y l  

phase. However, neglecting solvat ion e f f e c t s  may r e s u l t  i n  over- 

estimating t h e  true hold-up time of the  column by as much as 15% in 
pure methanol. Consequently, accurate hold-up times can only b e  

determined by dynamic methods conforming to  chromatographic p rac t i ce .  

The use of po ten t i a l ly  unrstained compounds ( 4 ,  111 is c l e a r l y  

d.ngerous. Somewhat surpr is ingly,  w e  found strong indicat ions t h a t  
even the mobile phase components may be subject  t o  chromatographic 

re tent ion.  The va r i a t ion  w i t h  mobile phase composition, f i gu re  3, 
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DETERMINATION OF EOLD-UP TIME 

and the slight temperature dependence of the elution times of sol- 

vent components all warn US to be careful. It is only for nethanol- 

water compositions around 65:35 (v/v) that the true hold-up time is 

approached. 

A usually better estimate of the hold-up time in methanol-water 

can be derived from the maximum elution time of 8alta in highly 
concentrated salt solutions. The choice of an appropriate monovalent 
salt is determined by the detector. With a sensitive W-detector a 
minute amount of HI or NaN03 may be added to a large exce8s of NaBr. 

With a conductivity or RI-detector saturated solutions of NaBr or 
KBr can be used. Here too, however. our reault8 w a r n  US to be 

cautious. We have noticed that different conditions (stationary 

phase, the kind of salt, the injected quantity) can lead to dlffer- 

ent results. This raises some doubt about the validity of hold-up 

times derived iron concentrated salt solutions. 

1683 

In our opinion the most accurate hold-up time in methanol- 
water is derived from the linearization of the logarithmic net 

retention times of a homologous series. Despite the disadvantage 

of a length? procedure, it remains the method of choice for funda- 

mental work. The results are precise to within 1%. independent of 

the column temperature and equal for different homologous series. 

The results suggest the presence of a solvation layer, the thick- 

ness of which lncreaseswith the chain length of the bonded alkyl- 

silyl phase and with the increasing modifier content of the mobile 

phase. 
In fact, the results presented i n  figures 3 and 4 may be des- 

cribed by the following expression for the column porosity. 

E = 0.79 - 0 .06  . $3 - 0.005 . nRP 

where 9 I s  the volume fraction of methanol and %p is the 

number of carbon atoms in the alkylsilyl bonded chain. This ex- 
pression, which is obviously valid only for the system presently 

investigated, describes the porosity to about 0.01 units. 

Accurate hold-up times must be determined experimentally for 

each particular phase combination. Unfortunately, potentialty 

attractive homologous series (e.g. alkyliodides) fail in solubility 

for mobile phases of low methanol content. Therefore, we recommend 
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BEREM)SEN ET AL. 1604 

t he  use of n-alcohols desp i t e  t he  f a c t  they r equ i r e  t h e  use  of an 
RI-detector. 

F ina l ly ,  one should be very ca re fu l  i n  applying t h e  methods 

present ly  dlscusaed f o r  methanol-rater t o  o the r  mobile phase systems. 

For a c e t o n i t r i l e  and tetrahyd?Ofutan-water systems t h e  addi t ion  of 

l a rge  amounts of inorganlo salts leads  t o  d m i r i n g .  We are present ly  

inves t iga t ing  t h e  p o s s i b i l i t y  t o  use t h e  llnenri'aatton method i n  
o ther  mobile phase s y s t e m  and we s h a l l  r epor t  on t h i s  in a f u t u r e  

publication. 
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