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SUMMARY 

A partial differential equation has been derived that describes the non-steady- 
state pressure profile along a chromatographic column for the case of a liquid mobile 
phase of finite compressibility. This equation was solved subject to boundary condi- 
tions that pertain to-the flow disturbance at the early stages of elution in the stop-flow 
sample injection method in liquid chromatography_ The effect of stop-flow sample 
introduction on the separation efficiency is generally small both in high-performance 
liquid chromatography (HPLC) and in fast gel permeation chromatography (GPC). 
The shift in retention time (or volume) due to this mode of sample introduction in- 
creases with the (steady-state) pressure drop across the column and with the compres- 
sibility factor of the mobiIe phase, and decreases with the extent of sample retention, 
but in HPLCthis effect is significant only when very fast analyses OIL columns of low 
permeability are attempted. When stop-flow sample injection in combination with a 
positive dispfacement pump is used in fast GPC, some caution has to be exercised. 

INTRODUCTION 

In the modem high-performance liquid chromatography (HPLC) and fast gel 
permeation chromatography (GPC), where. efhcient columns packed with micro- 
particulate sorbents are used, the method of sample introduction can markedIy affect 
the separation efficiency. It has been shown theoretically’ and ver%ed experimentally2 
that best results are obtained if the sampie is injected centrally onto the top of the 
column packing2 or even several mihimetres belo@. Owing to difficulties connected 
with the choice of a septum material that can withstand high pressures of the often 
aggressive . solvents, the stopff ow injection technique is more and more preferred. 
Htiwever;~ this lmode of sample introduct& bring about prcblems of its own, 
particularly when used with a positive-displacement pump4; it has been showns*6 that 
to obtain a good reproducibility of retention data under these conditions, it is im- 



perative to insert a valve between the pump and the injection port so that the large 
reservoir is kept permanently under a pressure that corresponds to the steady-state 
pressure drop across the column at-the solvent flow-rate employed_ : . . . 

There exists another feature of stop-flow injection not recognized so far: as 
soon as the depressurized columu is suddenly ~connected to the pressure reservoir, a 
very steep pressure gradient is initially built up in the top region of the column. This 
decays more or less slowly (depending on the column permeability and on the com- 
pressibility of the mobile phase) to a steady-state, virtually linear dependence of 
the pressure along the column axis. As the solvent linear velocity is proportional to 
the negative local pressure gradient, the sample zones move initially with a velocity 
much higher than in the steady state; the retention times therefore tend to be lower 
than under comparable conditions without the stop-flow injection, and also the sepa- 
ration efficiency could be impaired as the sample travels through at least part of the 
column at a high speed. 

It is very diEcult to estimate the magnitude of these effects without a mathe- 
matical analysis of the transitory state; in this article the relevant partial differential 
equation is derived and solved, and results of numerical calculations performed for 
conditions (flow-rate, pressure drop, solvent compressibility, etc.) encountered in 
modem HPLC and fast GPC are presented. 

THEORETICAL 

Let us denote by x the spatial coordinate along the column axis and assume for 
simplicity that both the viscosity, 7, and the compressibility, x, of the mobile phase 
are independent of pressure. From the Darcy Law written in- the differential form 

(1) 

where P is the pressure, u is the linear velocity of the mobile phase and k,, is the col- 
umn permeability, and from the definition of the compressibility factor, 

1 av 
x=--7 ap ( ) 

a partial differential equation can be derived that governs the dependence of pressure 
in a non-steady-state flow of a compressible liquid through a chromatographic col- 
umn: 

a2P 6, a 
Wtlx) axz 

+ (k,Jrl) [ ap 2 “1’ =~ ap (; t, 

where t is time. 
If we introduce the dimensionless variables 

E = x/L, p_= P/PO, and t = tk& x L2) (4) 

where L is the column length and PO the outlet pressure, eqn. 3 assumes the form ’ 

Z&j+&g (5) 
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where the.dimensionless parameter #? is given by 

B=J%x 

87 

(6) 

In solving eqn. 5 we will use mostly the boundary conditions 

p=l,t=O,O<,$&l (7a) 

p=p* rP,IPo,z>O,E=O Of-9 

p=l,t>O,E=l (W 

(Pi is the inlet pressure assumed to be constant) that are relevant in the case of stop- 
flow injection with a positive-displacement pump and a valve before the injection port 
(it is assumed that the volume of the reservoir is large so that the pressure does not 
change appreciably when the valve is opened at t = 0); other boundary conditions 
are mentioned briefly in the Discussion. 

Equ. 5 is non-linear and not amenable to an analytical solution. At the expense 
of a certain approximation it is possible to linearize it by a perturbation method. To 
do this, we first derive the pressure drop along the columu in the steady state, i.e., 
we find the function ps (5) that represents a solution of eqn. 5 with the right-hand side 
zero : 

@ps dps ’ 
#2 + p w = ( ) o 

(8) 

with ps (0) = p= and ps (1) = 1. 
The integration of eqn. 8 is straightforward, if (Q&i@ is introduced as a new 

dependent variable, and leads to 

ps = p* + ~-%-I { 1 - 6 [ 1 - e-fi~*-r)]} 

However, #? is very small (typically of most liquids p II lo-*), and therefore eqn. 9 
can be replaced by the straight-line dependence 

p+=p- -E(P’-- 1) (10) 

with excellent accuracy. (The validity of eqn. 10 can be verified by expanding the 
exponential and logarithmic functions in eqn. 9 and retaining only the first terms.) 

Let us now express the quantity p (6, t) as a sum of two terms, 

P G* 4 = Ps G‘) c AP (83 4 (11) 

where ps (E) is given by eqn. 10 and the~quantity Ap (E, t) can be looked upon as a 
perturbation. Hence, the partial differential equation, eqn; 5, can be written as 



The sum of the first two terms is zero according to eqn.- 8; if we now assumethat the 
last term on the left can be neglected (an assumption justified below), we have to 
solve, instead of tbe original non-linear boundary value problem, its linear counter- 
Part 

84 aAp aAp 
-_ 

-- 
agz 

2/?(p*-1)7= 
a-r (13) 

for the new quantity Ap (5, t); in view of eqns. 11 and 7, the boundary conditions are 

t=O,Ap=5(p*--1)-(p*---1) O<E<l (144 

t>O,Ap=O E=O 
. _ 

WW 

t>O,Ap=O- E=l Wc) 

where p* is again defined as p* = Pi/Pa_ 
This boundary value probIem can be solved by standard methohs’; the solu- 

tion reads 
-. 

Ap = 2iiz (p’ - 1) {e=c [2aSI (6, t) - S, (5, r)] - 2ae=+“& (6, z)> (W 

where 

a=/?(p*-1)4&p*-1) (16) 

s (~ t) = g k sin(kti) expl- (Q’ f kW r1 
1 3 

L=l (a2 f k4Ez)L WW 

(1W 

“. (- 1)“ k sin(knE) exp[- (a’ + kX) t) . 
ss(Es4 = && (cr’ +- k2n2)2 (17c) 

The final solution for the dimensionless_pressure p (E, r) is then obtained- from eqns. 
1OandIlas _- 

-_ 

P (834 z P- - E W-0 + AP (5; 3 (18) 

with Ap (E, z) given by eqn. 15. (It is obvious that eqn. 15 satis6e.s the boundary condi- 
tions 14b and 14c as the three sums S,, g2 and S, are all ze_ro, both for E = 0 and E _= 
1. In proving that &qn. 15 satisfies also the condition 14a, the sums8 ’ _ 

_- 

sti[(z - X)b/Q] ~_ 
sinh(,zbJtz) 
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and 

G (-l)t-lk sin(kx) _ z 

k=I k2caZ f bz 

sinh(x&) 
W sinh(nbfa) 

._ -=_ . _ 

and their derivatives with respect to b are useful.) 
_ In the following, eqn. 18 will sewe as a basis in showing how to calculate the 

effect of the stop-flow injection on the retention time, tz, and on the column efficiency 
(expressed by the plate height n) for a sohrte characterized by a certain value of the 
capacity factor k’. _- _- 

It follows from eq& 1 and 4 that the solvent linear velocity, u (cm/se& is 
given by 

(19) 

where 

z = k,P&1;1 (zo) 

We can cal&late the derivative in eqn. 19 by means of eqns. 15 and 18 and we have: 

U(E, r) = x(p* - I) { 1 + 23re=c [aS,(E, r) + 3rC,(E, r) - 2Q%,(C5, r) - 

- 2CXzC,(E, Z)] f 4CzZe-=~(‘-~’ [as&r) f ZcC&, Z)]} 

where 

C*(E,r) = IIS k2cos(M) expE-(a’ + kW4 
k=l (bz f k%qZ 

ip 
C,(E, t) = z 

k2cos(knE) exp[-(a2 + k2z2)t] 

k=l a2 f k%z2 

aD 
c&s, t) = .z (--1)kk2 cos(km$) exp[-(a’ + k%+] 

t=1 (a2 f kLn2)2 

(21) 

(224 

(2W 

cw 

We can assume that also under non-steady-state conditions the velocity of the 
solute zone, u, remains proportional ta the linear velocity of the solvent, i-e., 

Y = dx/dt = R z&t) = u(-r,t)/(l f k’) 
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In the dimensionless variables, 

For actual calculations it is more convenient to rewrite this diierential equation in 
the form 

dt k,, 1 -- 
- - ?gL Ru(i$, r) =f(EtT) CR? 

(23) 

Owing to the complicated form of eqn. 21 defining LL (E, t), this ordinary dif- 
ferential equation must be solved numerically; its sohrtion z = t (E) gives the (di- 
mensionless) time necessary for the solute to reach the position in the cclumn char- 
acterized by the dimensionless coordinate E, under the non-steady-state conditions of 
solvent velocity encountered in the stop-flow method_ (In the following, we shall 
designate the quantities that refer to the non-steady state by a bar.) 

The retention time is given by ?TR = t (1) or, ih view of eqn. 4, 

iR = (q XLzlk,) t (1) (24) 

Under steady-state conditions we have from the definition of the plate height H 

4 = (l/L) Hri (25) 

where a, is the standard deviation of the peak (in time units); this must he replaced 
(see Giddingsq under non-uniform conditions in the column by 

(26) 

where ulos is the (local) velocity of the solvent at a point x in the column, and the de- 
pendence of W on ulOs must be described by an appropriate form of the Van Deemter 
equation. The resulting plate height, R, observed under the non-steady-state condi- 
tions, is therefore given by 

or, in dimensionless variables, 

k: 1 
H = L2q=12 R%=(l) o 

q-l Wpc) dE 

IOC 

and the local solvent velocity, u,,,, is calculated as 

(27) 

from eqn. 21 and from the solution t (6) of the differential eqn. 23. 
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_-: ~- .The approximations involved in the perturbation method of sohing the basic 
partial differential equation have been justified by c&paring the pressure profiles 
along the column, calculated for different values of the dimensionless time, t, by 
means of the approximate eqn. lS,.with profilies obtained by solving-numerically the 
origin&non-linear boundary value problem as described by eqns. 5-7. The numerical 
solution was obtained for fl= 1.42 - 1CP (a vahre corresponding to the compressibility 
of n-heptane) by the method of Douglas and Jones’“. The resnl& are plotted in Figs. 
la and lb for two values of the inlet pressure characterized by p* = 10 andp* = 300; 
the fui! lines represent the numerical solution of the originaL differential eqn. 5, and 
the points were calculated from the approximate solution, eqn. IS. The respective 
algorithms were programmed in BASIC and implemented on the desk minicomputer 
Wang 2200 B. The results of the perturbation method clearly agree very closely with 
the true shape of the pressure gradient along the CO~UIM, even for very low valnes oft. 

In order to demonstrate the elect of non-steady-state solvent flow due to the 
stop-flow injection method in HPLC and GPC, retention times pX and plate heights 
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F&g_ 1. Pressure pro&s along a chromatographic column at the early stages of elution with stop-flow 
injection technique for diffenmt values of tbe_&nensiozhss time t_ (a) pf = PdPo =300; (b) p* = 
PJPO = to. F$ lines are cala from a munerhl solution of the exact boundary value problem, 
eqns. 5 tid 7. Points are &k&ted on the basis of the. approximate solution, eqn. 18.1, t = 2.5 - 10M3; 
2, T = 8.28.10-‘; 3, z = l.93-lO-z; 4, z = 3.98-10-2; 5, t = 7.94.10-z; 6, T = 0.16. 



II were calculated for typical column parameters, typical: so1vent-so1ut.e. pairs and 
under conditions of solvent flow-rate that can be encountered in high-speed analyses, 
and compared with the-corressonding steady-state values f,-and Has observed under 
comparable conditions with “uninterrupted-flow” injection (e.g_.withseptum injectors 
or injection vaIves). z . . : -- -_ 

Unless explicitly stated otherwise, the following-values were used inthe-cal- 
culations: column length L; = 30 cm for HPLC and L = 120 cm- for fast GPCtiimer 
column. diameter dc = 0.3 cm for HPLC and d, = 0.4 cm for- GPC; inter-particle 
porosity in the column so = 0.4, intraparticle porosity E, = 0.8. 

The steady-state inlet pressure, Pi; was calculatedfrom 

PJPo = p’ = 11 L Q/60 k. Se, (2% 

where Q (ml/rain) is the solvent flow-rate, S,r the effective cross-sectional area of the 
column 

Se, = (z/4) d:[s, + (1 - e&,] (30) 

and the specific permeability, k,, ws?s taken” simply as 

k, = d;/lOOO (31) 

with d,, (cm) the partic!e diameter of the packing. 
The other steady-state values were calculated from the relations 

u=x(p l - I) = k,P,(p* - Q/LB 

tR = L/R u 

(32) 

(33) 

and the dependence of tbe plate height H on the linear solvent velocity L( was described 
by the empirical Kennedy-Knox1Z equation 

H= 2DJu i_ A(u/Dmj0-33 d,,l-= f Cud,L1D, (34) 

with the dimensionless constants A = 1 and C = 0.03 (see ref. 13); the diffusion 
coefficient 0, of the solute (benzene) was estimated from the Wilke-Chang equation14. 

As a first step in the calculation of the non-steady-state quantities tx and J!& 
the dependence t = r(5) was obtained by solving numerically the ordinary differen- 
tial eqn. 23, with II (5, t) given by eqn. 21,;by means of the Runge-Kutta method. 
(A fine integration step & = 0.005 wti necessary at the top-of the column, i.e., for 
0 < 5 < 0.2, where the most dramatic changes of u with both 5 and r took place; 
& = 0.05 was sufficient for the remaining part of the column). The !&ml value thus 
obtained, t = t (8 = I), yielded the retention time (equ_.24)_ -. 

These values of 5; and t (5;)~ were then used, together -with the -dependence 
H(u)-given by eqn. 34, ro evaltiati- by ‘the Sirnpsoti rule th&integral d$ning. B in 
eqn. 27. 
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: _ In accordance with tile parameters of chromatographic i&truments now com- 
ruerciaUy available, the maximum pressure drop across the cohmu was restricted to 
some 70 MPa @a_. 700 at@. Rest&s of the& cakulations for- somk solvknts corn- 

TABLE I 

EFFEtX OF FLOW DiSTURBANCE LN STOP-FLOW INJECXION ON RETENTION TIME 
AND PLATE HEIGHT AS REFLECTED IN THE RATIO OF NON -STEADY-STATE 
(BARRED) AND STE.AD%STATE VALUES 

Unretained peak (R = 1) in n-pentane (q = 0.22 mPa _sec, x = 3.14. lo-” MYPa-?; column L = 30 
cm, & = 0.3 cm; AP is the stationary pressure drop, Q is the solvent flow-rate. 

AP 
(MP4 

Particle diameter 4 = 2Opm 
2 0.88 
4 1.77 
8 3.54 

12 5.31 

particle diameter d,, = 1Opm 
2 3.54 
4 7.07 
8 14.15 

12 21.22 

particle diameter dp = 5pm 
2 14.15 
4 28.29 
8 56.59 

6.53 1.005 0.997 

9.13 1.005 0.996 
13.35 1.005 0.994 
17.06 1.006 0.992 

2.64 
3.41 
4.68 
5.77 

1.13 1.012 0.984 
1.33 1.023 0.969 
1.71 I.@47 0.941 

1.004 
1.008 
1.013 
1.020 

0.994 
0.991 
0.984 
0.977 

TABLE II 

EFFECT OF STOP-FLOW INJECTION ON RETENTION TIME AND PLATE HEIGHT IN 
HPLC WITH HEXANE AS MOBILE PHASE 
Um-ctzined peak in n-hcxane (q = 0.296 mPa xc, r = 1.62-10-3 MFa-3; C&KM L = 3Ocq 
4 = 0.3 cm. 

AP 
fMPa) 

K-I@ mff fRlh 

(cm) 

Particle diameter dp = 20pm 

: 3.57 1.78 1:: 1.005 1 Bo.5 0.997 0.996 
10 5.95 19.52 1.005 0.995 

Particle diameter d, = 1Opm 
2 4.76 3.03 1.004 0.995 

: 19.03 9.52 4.06 5.74 1.010 1.006 0.993 0.988 
12 28.55 7.21 1.014 0.933 
Particle diameter dp = 5 ,um 
2 19.03 1.U 1.009 0.988 
4’ 38.07 1.52 1.017 0.978 

2.04 1.034 0.958 
- 8 76.17 4.65’ 1.035’ 0.958 l 

2.04” 0.998” 1.005” 

‘tx~~withX=2,C=O.lioeqn.34. 
-- calcrrl-&cd for the case of boundztry conditions, cqn. 35, that corrcs~ond~to zcrci initial pi-es- 

sure in the column and in the small-volume reciprocating pump. 
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manly employed in HPLC are summarized in Tables I-V, As the data in the tables 
refer to the unretained peak, where the most-pronounced effects are to 4x-eqected, 
the influence of the stop-flow injection in HPLC can be said to be small. This-is 

TABLE III 

EFFECT OF STOP-FLOW INJECTION ON RETENTION TIME AND PLATE HEIGEIT IM- 
HPLC WITH CARBON TETRACHLORIDE AS MOBILE PHASE 
um-etained peak in cCl4 (7j = 0.845 mPa set; x = 1.07- 10-S MFa-1); cohmn L =-30 cm, 4 = 0.3 
cm. 

cem&nlk) 
AP IT- m R/H 
(M.4 (4 

Particle diameter C;r, = 20pm 
2 3.40 10.63 1.004 
4 6.79 15.79 1.004 

10 16.98 28.87 1.007 

Particle diameter 4 = 10pm 
2 13.58 3.85 1.006 
4 27-17 539 1010 

10 67.92 9.13 1.022 

Particle diameter d, = 5 pm 
1.5 40.75 1.32 1.012 
2 54.34 1.46 1.016 

3.11 l 1.017’ 
2.5 67.92 1.58 1.02 

* Calculated with A = 2, C = 0.1 in eqn. 34. 

E&t 

0.996 
0.996 
0.992 

0.993 
0 989 
0.975 

0.984 
0.979 

0.9% 

TABLE IV 

EFFECT OF STOP-FLOW INJECTION ON RETENTION TIME AND PLATE HEIGHT IN 
HPLC WITH DIETHYL ETHER AS MOBILE PHASE 

m-etakd peak in diethyl ether (q = 0_212 mPa set; r = l-87- lo-’ Ml%-*); column L = 30 cm, 
: = 0.3 cm. 

Q AP H-W R/H &&R 
(mljmtk) (M-4 (cm) 

Particle diameter 4 = 2Oym 
2 0.85 6.39 1.004 0.997 
4 1.70 8.90 0.997 

8 3.41 13.00 
::z 

0.996 
12 5.11 16.54 1.004 0.995 

Particle diameter dp = 1Opm 
2 3.41 2.60 1.004 0.996 
4 6.82 3.34 1.005 0.994 
8 13.63 4.57 1.009 0.990 

12 20.45 5.62 1.012 0.986 

Particle diameter d,, = 5 ,um 
2 13.63 1.12 1.008 0.990 
4 27.27 1.31 1.014. 0.982 
8 5453 1.68 1.02s 0.965 

3.70’ 1.029; 

‘CalculatedwithA=2,C=0.1ineqn.34. 
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TABLE V 

FzFFECF Oi; STOP-FLOW INJECTION. ON RETENTION TIME AND PLATE HEIGHT IN 
EIHECWzTEzWATERAsB&O3EE~E -~ 

U~binedpeaki~~water(q ~O.SrnPasec;~ =4.6~10-zMpa-1);co~~L = 3bcr&d, = 0.3cm. 
. . 

AP H- 103 Jm fR/tR 

(MP4 (cm) 

FarticIe diameter 4 = 10,um 
4 25.72 7.28 1.005 0.994 
8 51.44 11.22 1.009 0.990 

10 64.31 13.04 1.010 0.989 

E%rtic!e diametfx t& = 5 pm 
1 25.72 1.38 1.005 0.994 
1.5 38.58 1.60 1.008 0.990 
2 51.44 1.81 1.008 OS!?0 
2.5 64.30 1.99 l.CO9 0.989 

certainly true with regard to the column efficiency as expressed by the plate ‘height, 
where the maximum observed effect for n-pentane at a rather high flow-rate of 8 
ml/mm (Table I) is probably still within the limits of experimental error. For less 
compressible solvents (water, carbon tetracbloride), the effect on the retention time 
is also small in all instances considered However, for solvents with relatively higher 
values of 2 @ethyl ether, Table IV, and particularly n-pentane, Table I), the effect 
on retention time amounts to several per cent under the conditions of high inlet 
pressure, and thus can no longer be neglected. 

. 

The very small influence of the parameters A and C in eqn. 34 on the calculat- 
ed values of B (see Tables II-IV) is in accord with the general observations made by 
Giddings’ in connection with the non-uniform properties of cohunus in gas cbro- 
matography. 

As shown by Kraak et aZ.15, it is possible to create liquid chromatographic 
columns with aa exceptionally bigb plate number by coupling several shorter columns 
in series. Table VI shows the influence of stop-flow injection on the retention data 
for such-a long CO~XIIII (I, = 120 cm) and n-pentane. The non-steady-state ve!ocity 
prot?.le charactexistk of .&e early stages of elution, when the stop-flow injection is 

used, can &i&the retention time. of an inert peak significantly downwards in such 
long c~hunns, but the magnitude of.the effect decreases rapidly fOF retained solutes, 

as seen from the bottom rows of Table VI. 
So far the discussion has been concerned with stop-flow injection used in con- 

nection with a positive-displacement p-p and a back-valve; accordingly, the partial 
differential equation, eqn, 5, -was solved with boundary conditions 7. However, the 
stop-flow injection is often used with reciprocating pumps where no valve is considered 
necessary. .Assuming for simplicity that the volume of the cylinder in the recip- 
rocating pump is so small that we can neglect.volume changes due to non-zero com- 
pressibility of the liquid occupying &is space, the boundary con&ions fOF eqn. 5, 

relevant- to this situation, are. 

#asOl= l&&= L@@&,s= -2’ (35) 
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TABLE VI 

EFFECT OF STOP-FLOW INJECTION ON RETENTiON TIME AND PLATE HEIGHT IN 
HPLC WITH PENTANE AS MOBILE PHASE ON A VERY LONG COLUMN 
Unretzined peak in n-pen-e (q = 0.22 mPa set; x = 3.14-lo-’ MPa-3; mlumn L = lu)cm, 
d, = 0.3 cm. 

&j*ift) 

dP H-I@ El/E WQ 

(Mpo) (4 

Particle diameter Cr, = 2Opm 
2 3.54 6.78 1.005 0.994 
4 7.07 9.33 1.007 0.991 
8 14.15 13.52 1.014 0.984 

12 21.22 17.21 1.020 0.977 

Particle diameter d,, = 1Opm 
2 14.15 2.66 1.013 0.984 
4 28.29 3.42 1.024 0.970 
8 56.59 4.69 1.049 0.941 

Particle diameter dp = 5 pm 
1 28.29 1.11 1.020 0.970 
1.5 . 42.44 1.10 1.031 0.955 

1.043 0.941 
2 56.59 1.13 1.022’ 0.969 l 

1.010” 0.987” 
1.055 0.928 

2.5 70.74 1.18 1.028 * 0.962 - 
1.012” O-984” 

- 
* Calculated for a solute with R = 0.5. 

** Calculated for a solute with R = 0.2. 

where y = f&&/(k,&P,), with Q0 (ml/set) being the preset volume output of the 

pump- 
This modified problem can be solved analogously. In this case, the pressure 

builds up gradually at the top of the column and therefore no dramatic changes in 
the linear velocity of the solvent can be expected. The results of the calculations 
show that the sigu of the effect is opposite to that in the previous-case but that its 
magnitude is much lower. One of the results is included in Table II for comparison. 

In the case of fast GPC, calculations have been made for tetrahydrofurau 
(THF, a typical GPC solvent) and polystyrene fractions of different molecular weight. 
A linear calibration was assumed to be valid within the range of molecular weight 
(M) between 1W and -10’; the corresponding extreme values of retention volume were 
calculated from the dimensions of the column (L = 120 cm, d, = 0.4 cm) and from 
e. = 0.4 and ei = 0.8. This yielded V, (ml) = 16.166 - 1.448 log,,Mas the equation 
of the calibration line. As no value for the compressibility factor for THF was found- 
in the literature, it was estimated from the critical data according to-Reid and Sher- 
wood16 as x II 1.2 - lo-” MPa-I. The Knox equation, eqn. 34, was rather arbitrarily 
assumed to be valid also for macromolecular solutes with 0, = K Mea. 

The calculations were made only with the boundary conditions described by 
eqns. 7. It was again found that the values of the plate height R, influenced by the 
variation in local solvent velocity due to stop-flow injection, departed only slightly 
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from the zorresponding steady-state values H (the ~deviation never exceeded 5 %)_ 
The calculated values of the ratio Z&tR that characterizes the influence of stop-flow 
injection on the retention time in GPC are summarized in Table VII. Although at 
first sight the deviations from unity of the data in Table VII are not large, in the GPC 
mode they can profoundly influence the calculated values of M_ This effect has been 
visualized by calculating the relative error in M brought about by the correspouding 

shift in calibration; these values are also given in Table VII and are seen to be quite 
large for fast GPC analyses. 

TABLE VII 

EFFECT OF STOP-FLOW INJECIXON IN FAST GFC ON RETENTION TIMES OF 
POLYMER FRACTIONS OF DIFFERENT MOLECULAR WEIGHT (M) AND THE RE- 
SULTING SHIFT IN CALIBRATION LINE EXPRESSED BY RELATIVE ERROR IN M 
CAunn length L = 12Oca1, f& = 0.4cm; tetrahydrofuran (q = 0.51 mPa set; x = 1.2.lo-” 
MPa-3; Q is the volume flow-rate. 

5 0.2 
0.5 
1 
2 

10 0.2 
1 
4 
8 

20 0.2 
1 
4 
8 

7.4 0.994 11 
18.4 0.989 21 
36.9 0.981 39 
73.8 0.963 89 

1.8 0.997 5 
9.2 0.994 11 

36.9 0.981 39 
73.8 0.963 89 

0.5 0.998 4 
2.3 0.997 6 
9.2 0.994 11 

18.4 0.989 21 

% 
Error 

fRlh % ialtn % f-ltn % 
Error Error .&or 

0.994 9 0.993 9 0.992 7 
0.988 20 0.986 19 0.984 18 
0.978 39 0.974 39 0.969 38 
0.958 88 0.950 87 0.940 85 

0.997 5 0.996 5 0.996 4 
0.993 11 0.992 11 0.991 10 
0.978 39 0.974 39 0.969 38 
0.958 88 0.950 87 0.940 85 

0.998 3 0.998 3 0.997 3 
0.996 6 0.996 5 0.996 4 
0.993 11 0.992 11 0.991 10 
0.988 20 0.986 20 0.983 19 

Accordingly, in fast GPC one should not establish a calibration line using 
stop-flow injection and then switch to some “uninterrupted-flow” injection mode 

(or vice versa). Moreover, it is known that in GPC the pressure drop (at a constant 
flow-rate) across a column set that has been in use for some time may begin to rise 
gradually: when stop-flow injection is employed, the resulting shift in the calibration 
curve can markedly affect the accuracy and reproducibility of the results. 

CONCLUSION 

In the stop-flow injection method as practised with a positive-dispiacement 

pump and a valve, the steep changes in the velocity profile in the initial stages of elu- 
tion impair the separation efficiency only to a negligible extent. Their effect on the 
retention time (or volume) is signScant only when very fast analyses on cohmms of 
low permeability are attempted. The relative downward shift in retention time due 
to stop-flow injection increases with the (steady-state) pressure drop across the col- 
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umn and with the compressibility factor of the mobile phase, and decreases with the 
extent of sample retention. As a consequence of the Jatter dependence, stop-flow in- 
jection must be used with some caution in fast GPC, where it is necessary to calibrate 
the columns under exactIy the same conditions as those employed in the subsequent 
analyses and their permeability must be checked frequently. 
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