
VARIABLES AFFE~NG PRECISION AND 
FORMANCE LIQUID CHROMATOGRAPHY 

ACCURACY IN HFGK-PER- 

Quantitative analysis by-peak height or peak area measurement using a UV 
photometric detector can be performed with a higk degree .of precision, by both iso- 
cratic and gradient methods, if variables such as mobife phase composition and Bow- 
rate are carefully controlled. 

Xf Eow control is poor but composition can be maintained precisely, peak 
height measurement yields better quantitative results because height is relatively 
independent of flow-rate. This may be a common condition with older iiquid chro- 
matography pumping systems. If flow control is good but solvent composition cannot 
be maintained precisely, peak area measuremenr is better because area is relatively 
independent of composition. This may be a common condition in adsorption chro- 
matography wkere trace water and polar contaminants in tke mobile phase are diffi- 
cult to control, and in any type of afknity chromatography where mobile phases com- 
prise volatile solvents. 

Retention time is strongly affected by both composition and flow-rate, but re- 
tention time precision can ‘be inherently better in ,mdient elution than in isocrztic 
analysis. 

Analytical precision and accuracy in high-performance liquid chromatography 
(HPLC) depend on the reproducibity of peak retention time, peak height, and peak 
area. This peak behavior is a function of many chromatograpkic variables, including 
sample size, mobile phase composition, mobile phase flow-rate, and column temper- 
ature_ 

Zn this study, mobile phase composition 2nd flow-rate were systematically 
varied in both isocratic and gradient analysis, while sampIe size and column temper- 
ature were held constant. The resulting peak behavior was observed and compared 
with tkeory. General guidelines were developed for quantitation techniques, depend- 
ing on the e+ipment avaiIable. 

~The&y suggests that the composition and Bow dependence of peak behavior 
wik be different for ~-E&S with different capacity factors (k’) and far packings with 
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different chemical functionality. Therefore, the experiments attempted to define re- 
lationships for peaks of widely varying k’ values on the most commonfy used new 
packing, hydrocarbon reversed phase. 

EXPERIMENTAL 

Cohmns, solvents, and samples 
250 x 3.1 mm I.D. Type 316 stainless-steel columns (Li-Cbroma I.D.‘” 

tubing; Mandy and Harman, Norristown, Pa., U.S.A.) were packed by a partial 
balanced density slurry technique’. The packing used was lO-pm SpherisorbsM ODS, 
a totally porous spherical materiai with covalently bonded octadecyl functionality 
(Spectra-Physics, Santa Clara, Calif., U.S.A.). 

Mobile phases were prepared from distilled-in-glass solvents (Burdick and 
Jackson Labs., Muskegon, Mich., U.S.A.). No drying or adjustment of water content 
was undertaken. Water was glass distiI!ed. Trace organics in the water were not re- 
moved. All solvents were degassed prior to use. 

Multicomponent samples were prepared by adding enough of each pure com- 
ponent to a 1:l mixture of water and methanol to Produce approximately equal 
peak areas. The approximate concentration was 0.1 mg/ml for each component. 

Control of flow, composition, temperature, and sample sohme 
A Spectra-Physics Model 35OOB gradient liquid chromatograph was used. It 

employs a continuous-sow, reciprocating-piston pump for Solvent A and an identical 
but independent one for Solvent B. Each pump has its own electronic flow feedback 
system for precise flow control. The two pump outlets are mixed at high pressure in a 
dynamically stirred chamber. The mobile phase composition and the flow-rate through 
the column are determined, respectively, by the ratio and the sum of the A and B 
pump Bow-rates. This two-pump architecture has hecome the most common type in 
HPLC. 

The flow feedback restrictors were placed in a 3-l insulated container of water 
to eliminate minor fiow changes caused by any large ambient temperature fluctuations 
in the laboratory. Under these conditions, the flow-rate can be maintained to -& 0.2% 
or better. The temperature dependence of flow-rate produced by the pnmp due to the 
fedback system is typically 1 y/, change in flow per “C change due to a combination 
of viscosity, pressure, and compressibility effects in the flow restrictor and the chro- 
matographic column. The fIow-rate was volumetrically measured at each setting to 
confirm accuracy. 

The Model 35OOB forced-air oven controlled column temperature at 40.0 -& 
0.1 O. No attempt was made to compensate for changes in the internal temperature of 
‘he column due to mobile phase composition and flow-rate changes2. 

The sample injector employed was of the l&p1 external loop type. The loop 
was filled slowly, taking care not to form microbubbles inside the loop. Volumetric 
precision was determined independently to be about 0.05% relative standard devi- 
ation. 

The detector was a SFctra-Physics Model SP 8200 multiple-wavelength UV 
photometer operated at -254 nm. 
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Peak behavior was measured by computiing integrators -the Minigrator~ and 
the SP 4-M10md Chromatography Data System (Spectra-Physics~_~whicl~ are capable 
of reteention time, peak height, and peak area determination with a precision of better 
than O-l”/,‘. The SF 4M43 built-in program for calculating relative standard deviations 
of peak areas from several runs was also used. 

Selection of ckrornutograpkic conditions 

Fig. 1 shows the chromatogram and operating conditions of the isocratic 
analysis on the Spherisorb ODS cohtmn. The conditions were chosen to be representa- 
tive of current practice. For example, although the 7,000 p.s.i. (478 bar) capability 
of the chromato,aph would permit a faster fiow-rate and faster analysis, most workers 
continue to operate in the 1-2 ml/mitt range. Sample components and solvent com- 
position were chosen to provide a range of k’ from 0-S in order to provide data on 
the peak behavior for this variable. 

c 

0 2 C’ 6 
#IWTES 

Fig. I. Isocratic analysis. CoIumn, 250 x 3.1 mm I.D.; pzcking, IC-,um Sphedxb ODS; solvent, 
water-methanol <t:l); flow-rate, 2.0 mljmia; pressure, ?S40 p.s.i.; temperature, 4W; detector, 
Made1 SP 8200 multiple-waveler@k W-photometer operated at 254 am; sample size, IO@. 1 = 
%rtra&e; 2 = methyl p-hydroxybenzoate; 3 = ethyl p-kydrcxyb~nzaate; 4 = propyl p-kydroxy- 
mate; 5 = buf$ p-kydrnxybenzoate. 

Fig. 2 shows the chromatogram of the gradient analysis on Spherisorb ODS. 
A_&&, conditions are representative of current practice. The speed of the analysis 
can be improved by starting the run at 30°/0B. However, the intention here was to 
provide large k’ values. AR extra component, benqd alcohol, was added to the test 
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Fig. 2. Gradient analysis. Column conditions, same as for Fig 1, except: Solvent A, water; Solvent 
B, methanol; gradient profile, 0 - 99O/$3 in 10 min. 1 = Ezbazine; 2 = benzy! afwhol; 3 = meth- 
yl p-hydroxybenzoate; 4 = ethyl p-hydroxybenzoate; 5 = propyl p-hydroxybenzoate; 6 = butyl 
p-hydroxybenzoate. 

sample for this analysis. The smah peak at 5. 3 min and the small peaks which inter- 
fere with the last major peak are impurities in the water which are concentrated at the 
top of the column and subsequently eluted by the gradient. These impurities can be 
removed, but were intentionally allowed in order to study their effect on the precision 
of observed peak behavior. 

?zEsJL-is 

Isocratic aflaiysis: Eflects of fiorv-rate vartatiorrs 
Table 1 shows the effect of flow-rate variations on retention time, peak area, 

and peak height, respectively. The 2.08 ml/mm is the reference flow-rate, the other 
three representing successively 4, 8, and 12% reductions from the reference. 

Fig. 3 presents the following data for one compound, propyl p-hydroxyben- 
zoate: per cent change in retention tune, peak atea, and peak height rersus per cent 
change in flow-rate. The other compounds with different k' values exhibited similar 
behavior, 

Results show that retention time and peak area are inversely proportional to 
Bow-rate, while peak height is relatively independent of flow-rate. 

Isocratic analysis: -Effecfs of composif~on variations 
Table II shows the efhect of composition variations on retention time, peak 

area, and peak height, respectively. The ~MI~/~B is reference composition, the other 
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Fig. 3. Retectioc time, peak area, and peak height versus sow-rate ia isocratic analysis. 

four representing successively 2, 4, 6, and 8 ref. % reductions from the reference. 
Since the absohrte value of composition itself is expressed in per cent, the following 
nomenclature c!arifica i:on is made: 2 % relative reduction from 50%B means 2 % 
of 50% = 1% absolute reduction, or a drop from 50 to 49%B. 

Fig. 4 presents peak area data for propyl p-hydroxybenzoate as a graph of 
per cent change in composition; other compounds with different k’ values behaved 
the same. Fig. 4 also presents the retention time and peak height data for the other 
four compounds. 

Results show that retention time is inversely proportional to composition. 

However, the dependence increases with increasing k’. Peak height is directly propor- 
tional to composition. However, the dependence increases with increasing k’. Peak 
area is independent of composition for all k’ v&es. 

Gradient analysis: Eflec1.s of ftow-rate variations 
Table III shows the effect of flow-rate variations on retention time, peak area, 

and peak height, respectiveIy. The 2.00 ml/An is the reference flow-rate, the other 
four representing successively 2,4, 6, and 8 y(, reductions from the reference. 
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-cl- -3 -6 -9 * -L -15 

C&~OSITI@!4 cm.= (Z RELmYE) 

Fig. 4. Retention time, pe& uea, and peak height ver~ms composition in isocratic analysis. 

Fig. 5 presents peak area and peak height data for propyl p-hydroxybenzoate 
as a graph of per cent change in retention time, peak area, and peak height versgs 
per cent change in flow-rate; it also presents retention time data for several other com- 
ponents. The peak height data are only for the adjusted 1.84 ml/mm conditions as 
noted in Table III. 

Results show that retention time is inversely proportional to flow-rate. How- 
ever, the dependence decreases with increasing k’. Peak area is inversely proportional 
to flow-rate and peak height is relatively inde_pendent of flow-rate, for all k’ values. 

Gradient analysis: Eflects of composition variations 
Table W shows the e&ct of composition variations on retention time, peak 

area, and peak height, respectively. The %B composition of 49.5,5 min after the start 
of *he gradient run from f~997~B in Xl mm, Is the reference composition, the other 
three representing successively 3, 6, aud 9 rel. % reductions from the reference. All 
compositions are expressed as 0/OB 5 mm after the start of the run. 
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Fig. 6 presets data for propyl phydroxybenzoate as a graph of the pet cent 
change in retention time, pa& area, and peak height ~emm the &&tie per cent change 
in composition. The other compounds &h diEem& A? vzdms exhibit sinGfar behaviok 

Resrrlts show that rekntion time is inversely p~opo&nal to composition, 
peak height is directly propatiionzd to composition, and =peak area is independent of 
composition. 
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Fig. 5. Retention time, peak area, and peak height LWWLS Bow-rate in gradient dysis. 

Precision of grffdient analyses 
The inherent precision of the flow-rate and the compositioa of the experimental 

system was measured by a series of gradient runs, 2s shcn- in ‘Fable V. Data show that 
the precision of the experiments was sutkient to v.z.lidate the data obtained in the 
previous tibks. 
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Fig. 6. Retention time, peak area, znd peak height versus composition in gmdient analysis. 

It is possible to explain tie results observed in terms and equations that are 
f&iliar to the cbmmatographer. In the case of flow-rate dependence, peak behavior 
can be defined generally as follows 

Peak behavior = f(F) 

where Pis the nobile phase flow-rate in ml/tin. fn the case of composition dependence, 

peak behzvior cm be defined as .foUows 

where S is a-mobile phase composition parameter intended to be directly related to 



the %I3 of a binary solvent mixture. Since here the B solvent is always considered 
the stronger of the two, S may be thought of as a solvent strength parameter_ 

Of the different types of peak behavior studied, retention time is the easiest to 
understand, and is explained below. 

Retention time versus flow-rate. Retention time can be expressed by the fun- 
damental chromatography equation’ 

where L is coIumn length in cm, LI is mobile phase linear velocity in cm/set, and k 
is the capacity factor. u depends on the flow-rate Fin ml or cm3/sec and on the average 
cross-sectional area of voids between packing particles A, in cm2 

A,, and L are constants for a given co!umn and k’ is constant for a given sample 
component aud mobile phase composition. Substituting eqn. 2 into eqn. 1 and group- 
ing constants into a new constant K 

t2 = -g (3) 

For small changes, a per cent change in flow-rate causes a per cent change in retention 
time of the same numerical value but of opposite sign. This is consistent with the data 
in Fig. 3. 

Reterztioit iinze versus coqxxition. Referring to eqn. 1, retention time is seen to 
depend on k’, which is a function of mobile phase composition. The relationship of 
k‘ to composition is complex and not well understood; rherefore, a nonrigorous 
statement will suffice 2s follows 

k’ = K 
s (4) 

Substituting eqn. 4 into eqn. 1, considering L and u constant for a given column and 
flow-rate, 2nd grouping constants 

A per cent change in composition (%B) causes a change in retention time of oppos!te 
sign. The magnitude of the change can be small or large, depending on the zzature of 
the mobile and stationary phases, and depending on the k’ of the peak. The experi- 
mental results of Fig. 4 agree with the description. The reason for the k’ dependence 
is related to the dependence of resolution on k’5. 

Peak area versu.s @w-rate. In order to understand the effect of variables on 
peak area, it is useful to refer to the concentration profile of a component zone, in- 
dependent of detector considerations, as illustrated in Fig. 7. In this concentration- 
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Y = volfse (milliliters) 

Fig. 7. Volunietric peak behztior. 

volumetric type of description, the area of the peak can be expressed as the integral 
of concentration C with respect to volume, from the volume VI at peak onset to the 
volume V, at pe& end 

(6) 

The concentration profde may change shape due to any number ofcauses, but the total 
weight of sample component remains constant, and thus the peak area remains con- 
stant. For example, the peak may become taller and narrower due to a decreased k 
caused by a stronger mobile phase. Or it may become shorter and wider due to a de- 
crease in efsciency caused by increased ffow-rate. But the area, expressed in terms of 
(g/ml) (ml) = g, remains unchanged for a given column and is independent of both 
flow-rate and composition 

&=K (7) 

Because we must depend upon a detector to monitor the compounds as they emerge 
from the column, Fig. 8 defines a peak in terms of detector signal and time as opposed 
to the terms of concentration and volume in Fig. 7. The detected crea of the peak is 

t- 
fR = Prtention iirre (secl- I 

t = iir.2 (SecOndS)- 

Fig. 8. Detested pe& behavior. 



expressed 2s the inte,sral of detector sigu21 R with respect to time, from the time r, 
at peak onset to the time t2 at pe2k end 

A = t/z R dt 

The photometric detector instant2neous signal R in mt’ is directly preaortional to 
the instantaneous solute concentration C. Since there is $ one-to-one correspondence 
between R and C, detecLted peak are2 will behave the same 2s actual pe2k 21x2 insofar 
2s detector response is concerned; however, qn. 3 shows that retention time Is in- 
versely proportional to flow-rate. This applies to all retention times, including peak 
onset and end. Thus, the time tr - ;I over which 2re2 integration takes place expands 
or contracts inversely with flow-rate changes. As 2 consequence, eqn. 7, expressing 
the volume’tic area dependence on flow-rate, must be motied to convert it to an 
expression for detected area dependence on flow-rate. The modification simply takes 
into 2ccount the inverse dependence of retention time on flow-rate 

For small changes, 2 per cent change in flow-rate causes 2 per cent change in peak 
are2 of the same numericd value but of opposite sign. The experimental results of 
Fig. 3 agree. It is obvious that this conclusion would be diserent for 2 detector whose 
signal is proportional to mass rate instead of concentration. 

Peak area veisus composition. When mobile phase composition is changed to 
2 weaker eluting strength, pe2ks elute sIower 2nd occupy more volume. At constant 
flow-rate, 2 direct translation can be made from C to R 2nd from dV to dr in eqns. 6 
and 8. As a consequence, eqn. 4, which expresses fhe dependence of vohux~etric area 
on composition, also applies to detected 2rca 

A=K im 

Peak are2 is independent of mobi!e phase composition. This was experimentally 
observed in Fig. 4. 

Peak height versusffow-rate. Fig 7 shows that the peak height is the ms?ximum 
concentration of the peak, 2nd Fi,. = 8 shows it as the maximum insttantaneous de- 
tector response 

R mnr is independent of how f2st the peak goes through the detector, 5xcept for time. 
constant considerations disc-ussed later. However, C,,, has 2 small flow dependency 
related to column eEciency factors_ By approximating the ~2k 2s 2 tiangle of he&& 
P, width W, 2nd area A 
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Per eqn. 7 the vohunetric zrea is constant, so we c-zn express eqn. 13 as 

Pezk width IV is reIated to efficiency by the definition of plate height H, the degree 
of zone spreading per unit length of column6 

H = $, fs = (L!Y)O~5 (1% 

Since one G is approximately W/4, we can substitute into eqn. I5 and group constants 

Most columns have a plate height dependence on flow-rate which is approximated 
by the empiric% expression 

H= DU” (17) 

where D and n are constants for in given column and mobile phase’. Normally 0.3 < 
n < 0.6. Substituting eqn. 17 intdeqn. 16, grouping con&nts, 
value for tz since it represents the worst case of flow dependence 

Substituting eqn. 18 into eqn. 14, using the relationship between 
ffow-rate expressed in eqn. 2, and soupin_g constants 

and using the 0.6 

08) 

linear velocity 2nd 

This expresses the relationship between flow-rate and peak height when the latter is in 
concentration terms as in eqn. 11. Since there is a one-to-one correspondence be- 
tween R and C, the relationship also applies in detector response terms 

A per cent change in flow-rate causes a much smaller change in observed peak height 
of opposite sign, For example, a 10 y0 reduction in flow-rate causes a 3 o? increase in 
pezk height. This is consistent with the experimental results in Fig. 3, which shows a 
I % peak height increase for a IO % fiow reduction. 

Fe& I2eigM verstrs composition. It is welI known that peak height, peak width, 
and retention time chzmge dramatically with composition. Eqn. 14 states that the 
height in concentration is inversely proportional to the width in volume. This relation- 
ship is also true for detector signal znd time, at constant flow-rate 

P+- (2fj 
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The wsll known zone-spreading equation implies a direct rehnionship between width 
and retention times, since N is constant for all retention times. 

(22) 

w = KtR 

Substituting eqn. 23 into eqn. 21 
_- 

P+ 

Eqn. 5 expressed tR in terms of S 

(23 

(24) 

Substituting eqn. 5 into eqn. 24 

P=KS f25) 

A per cent change in composition causes a corresponding change in peak height. This 
was experimentally observed in PI,. -‘= 4. As with retention time as a function of com- 
position, a family of cur<es is produced. 

Gradient ana!pi.~ 
The previously detiqed isocratic relationships can ‘be easily modified to de- 

scribe peak behzvior in gradient analysis. 
Retention time versus flow-rate. As in isocwtic analysis, a reduction in flow- 

rate during gradient eIuticn causes an increase in retention time. The isacratic ex- 
pression 

t, =$- (3) 

must be modified, however, for gradient analysis because there are some important 
diEerences_ In gradient analysis, composition is not constant and the instantaneous 
k’ for each speak decreases during the run. As an oversimplified but instructive model, 
consider that a peak eluting with tR = 10 min is not migmting 2t all during the frrst 
9 min of the run. During this time, flow changes have no effect on t,. Only during the 
last minute, when the peak is migrating, do flow changes zffect fRR- A 10% flow-rate 
change causes only z 1 o/0 retention time change. This behavior is roughly approxi- 
mated by the empirical expression 

K 

tR = F/(1 +- k’) 

At k’ = 0 the numericrl value of the retention tine chsmge equ.& that of the tiow- 
rate change, and eqn. 26 reduces to eqn. 3. Xi Iarge k’ values there is less flow de- 



pendenoz of retention time. This relationship MS experimentally observed in Fig. 5 
and has often been seen in published data9 without explazation. 

ReteMiog &ilzre versus composifion. The purposs of gradient etutiJn is to reduce 
retention time by increasing solvenr stren_@h during the run. Eqn. 5, which expressed 
the inverse dependence of retention time on composition for isocratic anaiysis, also 
applies to gradient operation 

A percent change in composition causes a change in retention time of opposite sign. 
The magnitude of the change can he small or large, but for a given coiumn and set of 
conditions it is relatively constant for any compound. This was observed in Fig. 6. 
This k’ independence is in contrast to the relationships in Fig. 4. Gradient operation 
has a leveling ef&ct, which makes all compounds behave as though they had the same 
k’ value. 

Peak area versusflcw-rate. Eqn. 9 expressed the inverse dependence of peak 
area on flow-rate in isocratic analysis. Eqn. 10 showed that area is independent of 
composition. The fact that composition changes throughout the NQ dces not change 
the above relationships, so eqn. 9 is valid 

(9) 

For smaU changes, a per cent change in flow-rate causes a per cent change in peak 
area of the same numerical value but of opposite sign. This was experimentally ob- 
served iii Fig. 5. 

Peak area versus conrposition. Eqn. 10 expressed the peak area independence 
of mobile phase composition in isocratic operation. A21 of the arguments used to de- 
duce this relationship also apply to the gradient mode. 

Peak area is independent of mobile phase composition_ This was experimentaily ob- 
served in Fig. 6. 

Peak height ~ersmjb=m.n+e. Eqn. 23 describes for isocratic analysis the small 
dependence of peak height on flow-rate which is due to efficiency phenomena. The 
fact that the composition is changing during the run should not influence efficiency 
significantly, so this same expression apphes 

A ner cent change in flow-rate causes a much smaher change in peak height of op- 
posite sign. This was experimentahy observed in Fig. 5, We should note, however, 
that peak height data for FE,. -m 5 were taken only ~%om the adjusted values in Table III. 
The adjusted %B versra time gradient program was changed in proportion to Bow- 
rate in order to hold the %B versus vo!sme gradient pro,arn equal to ‘Jze reference 
program. Without this adjus%nznt, reducing the flow-rate causes an increase in the 



siope of the composition versus voIume progrzm, consequent& causing peaks to 
e’lute earlier, narrower, and taller. Since, in pra&i- ChiOill2ltO~Z@lS do not h&e 
such ad&stmenti when ilow-rate changes, “there is usually a higher peak height de- 
Fendence on Bow-rate than is indicated k Fig. 5 and by eqn;20. 

PeaX- height versa co~npos@kxz. Eze reasoning employed in developing the 
isocratic relationship also applies to gradient conditions 

P=KS (25) 

A per cent change in composition causes a corresponding change in peak height. This 
is consistent with the experimental results of Fig. 6. Again, as with gradient retention 
time behavior, there is a leveling ef%ct. All sample components exhibit the same de- 
pendence. 

CONCLUSIONS 

We have demonstrated that bigI+precision quantitative analysis is achievable 
with HPLC using a photometric detector for both isocratic and gradient operation. 

During gradient analysis, the flow precision of the system is indicated by the early 
eluting peaks, while the composition precision is indicated by the late eluting peaks. 

With photometric detectors, as with all detectors responding to concentration, 
it is important to control ftow-rate when area is used for qua&it&ion, and to control 
composition when height is used for quantitation. Stated dXerendy, peak height should 
be used for quantitation if sow-rate cannot be carefully controlled, and peak area 
should be used if composition cannot be carefully controlled. 

For detectors responding to mass rate, such as the flame ionization detector, 
other relationships apply. However, the peak behavior dependence described herein 
should apply to gas chromatography as well as liquid chrolmatography, when the 
differences between detectors are taken into account. 

Preliminary experimental work, not reported here, has indicated that the re- 

tention time, peak area, and peak height dependence on flow-rate can be signiticautly 
affected by the detector time constant. The semiquantitative expressions for flow de- 
pendence presented here apply ouly when the rate of change of peak profile is small 
compared to the detector time constant. 
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