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Abstract

The gradient produced by an HPLC is never the same as the one it is programmed to produce, but 

non-idealities in the gradient can be taken into account if they are measured. Such measurements 

are routine, yet only one general approach has been described to make them: both HPLC solvents 

are replaced with water, solvent B is spiked with 0.1% acetone, and the gradient is measured by 

UV absorbance. Despite the widespread use of this procedure, we found a number of problems 

and complications with it, mostly stemming from the fact that it measures the gradient under 

abnormal conditions (e.g. both solvents are water). It is also generally not amenable to MS 

detection, leaving those with only an MS detector no way to accurately measure their gradients. 

We describe a new approach called “Measure Your Gradient” that potentially solves these 

problems. One runs a test mixture containing 20 standards on a standard stationary phase and 

enters their gradient retention times into open-source software available at 

www.measureyourgradient.org. The software uses the retention times to back-calculate the 

gradient that was truly produced by the HPLC. Here we present a preliminary investigation of the 

new approach. We found that gradients measured this way are comparable to those measured by a 

more accurate, albeit impractical, version of the conventional approach. The new procedure 

worked with different gradients, flow rates, column lengths, inner diameters, on two different 

HPLCs, and with six different batches of the standard stationary phase.
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1. Introduction

Gradient elution solves some important problems while adding complications of its own [1]. 

One major complication is that HPLC systems, without exception, are incapable of 

producing the precise gradient they are programmed to produce [2–5]. For example, Figure 

1a shows a gradient produced by one of the HPLC systems in our lab that is less than five 

years old and in good repair. There are some major differences (non-idealities) between it 

and the programmed (ideal) gradient.

Gradient non-idealities are usually categorized into three types: gradient delay, gradient 

dispersion, and solvent mis-proportioning [1,2]. Gradient delay time (also called the “dwell” 

time) is the delay from the time the gradient is programmed to be produced to when it 

actually reaches the point where the sample is injected. Gradient dispersion is the rounding 

out of the gradient, resulting in more gradual changes in slope as if a low-pass filter were 

applied to the gradient profile. Any other gradient non-ideality that is not described by the 

former two categories, we call solvent mis-proportioning.

Gradient delay and gradient dispersion originate from volume in the pump, tubing, fittings, 

and valves, starting at the point where the solvents are proportioned to where the mixed 

solvent reaches the point of injection (see Supporting Information for more details). One can 

think of the gradient delay volume as the sum of two parts: mixing volume, Vmix, and non-

mixing volume, Vnon-mix (Figure 1b). Non-mixing volume can be represented by a long 

piece of narrow tubing; it takes a significant amount of time for solvent to travel its length, 

but the solvent does not mix with the solvent on either side of it as it travels through (of 

course, in reality it would mix to some extent by Aris-Taylor dispersion [6]). On the other 

hand, mixing volume may be approximately represented by a thoroughly mixed reservoir. 

Newly proportioned solvent entering the reservoir is mixed with the solvent that is already 

there before it leaves the reservoir at the other end, slowing the rate at which the solvent 

composition can change. Therefore, while non-mixing volume contributes only gradient 

delay, mixing volume contributes both gradient delay and gradient dispersion.

If one is unaware of the gradient non-idealities produced by their instrument, they can be a 

major source of trouble. One important problem arises when attempting to transfer a method 

developed on one HPLC to a different HPLC. Differences between the gradients produced 

by each instrument can cause shifts in retention times and even relative retention times (i.e. 

the selectivity is different) [1,3,4,7–9]. Another common problem arises when running a 

series of consecutive gradients. If insufficient time is provided between the gradients, the 

solvent composition will not return all the way back to the initial composition, thereby 

altering the separation [1]. One may avoid this irreproducibility by simply ignoring the first 

gradient of each series, but it is difficult to optimize the subsequent separations in the series 

without understanding the behavior of the HPLC in them. All of these problems are 
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magnified in LC-MS where gradient non-idealities are exaggerated by the relatively low 

flow rates typically used (100 to 800 μL/min).

Therefore, it is important to measure the actual gradient produced by an HPLC. There is no 

“rule of thumb” that can be used to avoid measuring gradient non-idealities; gradient delay 

volume alone can span well over an order of magnitude (e.g., the Agilent 1290 binary pump 

specifies a gradient delay volume of <45 uL while the Agilent 1200 quaternary pump 

specifies a gradient delay volume of up to 1100 uL). But by measuring gradient non-

idealities, one can take them into account, optimize methods by running their instruments 

close to their limits, and troubleshoot instrument problems.

1.1 The conventional approach to measure HPLC gradients

Despite the importance of measuring gradients, we are aware of only one basic approach to 

measure them [2,3,10]:

1. Replace the column with a piece of tubing narrow and/or long enough to generate 

the minimum required back-pressure for the HPLC instrument.

2. Replace solvent A with water and solvent B with water containing 0.1% acetone.

3. Measure the “instrument dead time” (the time it takes for an injected solute to reach 

the detector with the column bypassed) by injecting a detectable compound at a 

relatively low flow rate of solvent A and recording its retention time.

4. Run a relatively fast gradient (e.g. 5 min) from 0% B to 100% B and record the 

absorbance at 265 nm as a function of time.

5. Shift the timescale of the absorbance data back by an amount equal to the 

instrument dead time.

Then, to measure the total gradient delay volume, one line is fit to the baseline (before the 

gradient) and another line is fit to the gradient. The two lines are extrapolated and the 

gradient delay time is determined from their intersection. To measure the mixing volume, 

the error in the volume fraction of solvent B, δϕ, at the gradient delay time (see Figure S-1) 

is used in the following equation [2,3]:

(1)

where Vg is the gradient volume (Vg = tgF) and ϕi and ϕf are the initial and final volume 

fractions of solvent B.

Despite widespread use of this methodology (a small sampling of articles that describe/use it 

are as follows: [1,2,8,10–19]), we are not aware of any report in which its accuracy has been 

validated. In fact, we find two major problems with it. First, the gradient is not measured 

under the same conditions as a typical HPLC run: both solvents are water and the 

backpressure differs from when the column is in place. These differences can cause bias in 

the measured gradient. On one of our HPLC systems, the gradient measured this way was 

drastically different than when acetonitrile was used in solvent B (see Results and 
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Discussion). Of course, the most obvious way to fix the problem is to change the second 

solvent to acetonitrile, but as we discuss below, this causes a number of complications and 

the effort required to accommodate them makes the approach impractical for most users.

The second problem is that the approach requires an absorbance detector (or a conductivity 

detector if a salt is used instead of acetone). We could not find any reports describing a 

gradient successfully measured with MS detection and in our experience, the MS signal was 

unsuitable for this purpose. Figure 2 shows a gradient measured by MS and by UV 

absorbance using caffeine as the tracer compound instead of acetone. The signal from the 

MS was extremely noisy and had to be heavily filtered before it could be meaningfully 

compared to the profile measured by UV absorbance. Even then, the profile showed major 

differences from the profile measured by UV absorbance and it changed over time as the 

experiment was repeated. This was the case on both MS instruments we tried—one an ion 

trap MS and the other a triple quadrupole MS. This leaves many LC-MS users with no 

reliable way to accurately measure the gradient produced by their HPLC if they do not have 

another type of detector.

1.2 “Measure Your Gradient”

Here we describe a new approach to measure HPLC gradients that is practical, can be used 

under common LC-MS conditions, and is compatible with both MS and absorbance 

detectors. We call the approach, “Measure Your Gradient”, or MYG. In short, one runs a 

test mixture containing 20 standards in a gradient on a standard stationary phase (currently, 

the Eclipse Plus C18 phase with 3.5 μm particle size) and then enters the observed retention 

times into online software we developed (available at www.measureyourgradient.org). 
Using the observed gradient retention times and the known isocratic retention behavior of 

the 20 standards, the software back-calculates the gradient that must have been produced by 

the HPLC system.

In this work, we present a preliminary investigation of the new approach in which we 

compare it to the conventional approach and to a modified version of the conventional 

approach that uses acetonitrile as the second solvent. We also compare gradients and 

gradient delay volumes measured by MYG and the modified conventional approach at 

different gradient lengths and flow rates. Lastly, we test the reproducibility of MYG with 

different column lengths, inner diameters, and with simulated error in the temperature 

produced by the column oven.

2. Experimental

2.1 Chemicals

Water was purified in-house by a Barnstead (Dubuque, IA) B-Pure water filtration system 

and then distilled. CHROMASOLV Plus grade acetonitrile was purchased from Sigma-

Aldrich (St. Louis, MO) and formic acid (≥99.5% pure) was purchased from Fisher 

Scientific (Pittsburgh, PA). All other chemicals and solvents were purchased from Sigma-

Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), or TCI America (Portland, OR).
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2.2 Test Mixture

Twenty standards were developed for the MYG test mixture that give a strong signal by both 

UV absorbance and electrospray ionization-MS, cover a wide range of retention times in a 

gradient, and have different molar masses so that they can be easily distinguished from one 

another by MS detection. They were also selected because they are uncharged at the pH of 

the mobile phase and their retention is therefore less sensitive to error in the pH of the 

mobile phase. The test mixture contained (in order of increasing retention): 100 μM N-

methylacetamide, 100 μM N-ethylacetamide, 100 μM N,N-dimethylpropionamide, 100 μM 

benzamide, and 25 μM of each N-alkylbenzamide from N-methylbenzamide to N-

hexadecylbenzamide, all dissolved in 5% acetonitrile/95% water. Many of the benzamides 

were not commercially available and had to be synthesized (see below). Figure 3 shows 

chromatograms of the test mixture measured by both UV absorbance and MS detection. The 

test mixture is available from the website.

2.3 Synthesis of N-alkylbenzamides

N-propylbenzamide and all benzamides of higher molar mass were synthesized in an 

adaptation of the Schotten-Baumann method [20–22], here described just for N-

propylbenzamide. Propylamine (887 mg, 15 mmol) was added to a mixture of ethyl ether 

(20.0 mL) and aqueous NaOH (20.0 mL, 1.0 M) cooled to 0 °C in a 50 mL round-bottomed 

flask with a magnetic stirrer. The solution was stirred for 10 min and benzoyl chloride 

(2.636 g, 18.75 mmol) was then added drop-wise to the solution. The mixture was stirred at 

0 °C for 45 min in an ice bath to form N-propylbenzamide as a precipitate. The crude 

product was filtered, dried under vacuum, and recrystallized in 15 mL ethanol, cooled to 

0°C, to give colorless crystals with generally 70–80% yield. Analysis by GC-MS showed 

>99% purity.

2.4 Instrumentation

Two different LC-MS instruments were used which, hereafter, will be referred to as 

instruments ‘A’ and ‘B’. The first instrument, instrument ‘A’, was a Thermo Fisher 

Scientific Inc. (Waltham, MA) UltiMate 3000 Binary Rapid Separation LC system, a Rapid 

Separation Autosampler, a TCC-3000RS column oven with pre-column eluent heaters, and a 

DAD-3000RS diode array detector combined with a Bruker Amazon SL ion trap MS. The 

second instrument, instrument ‘B’, was a Thermo Fisher Scientific Inc. Accela UHPLC 

Pump (standard model), an Accela Autosampler with a 5 μL injection loop, an Accela Photo 

Diode Array detector, and a TSQ Quantum Access Triple Stage Quadrupole Mass 

Spectrometer with a HESI-II heated electrospray ionization source.

2.5 Software

The MYG software was compiled for compliance with the Java 1.6 (Oracle, Redwood 

Shores, CA) runtime environment. It includes the Java OpenGL (JOGL) binding library 

version 2.0-rc11 (JogAmp, http://jogamp.org), the Unidata netCDF library version 4.2 

(Unidata®, Boulder, CO), the Savitzky-Golay filter library version 1.2 by Marcin RzeŸnicki 

(http://code.google.com/p/savitzky-golay-filter/), the jmzML library [23], and the jmzReader 
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library [24]. The source code may be downloaded from http://

www.measureyourgradient.org/development.

2.6 Isocratic Measurements

For each isocratic measurement, the mobile phase was premixed to avoid bias from any 

online mixing errors associated with the HPLC system. They were prepared gravimetrically 

to match the volume ratio that would be achieved if they were prepared volumetrically at 25 

°C: First, two stock solutions were prepared: 0.1% formic acid in water (solvent A) was 

prepared by adding 0.610 g formic acid to 498.00 g of water. Acetonitrile with 0.1% formic 

acid (solvent B) was prepared by adding 0.610 g formic acid to 393.11 g of acetonitrile. 

From those two solutions, premixed solvents were prepared at 11 different solvent 

compositions: 5.00% B, 95.00% B, and from 10.00% to 90.00% B at 10.00% intervals. The 

MYG test mixture was run under isocratic elution on Instrument A (at 400 μL/min) with 

each pre-mixed solvent (three replicates, 5 μL injection volume) and an Eclipse Plus C18 

column (2.1 x 100 mm, 3.5 μm particle size) held at 35.0 °C. The air temperature inside the 

forced air column oven was determined to be within ±0.1 °C by a secondary platinum 

reference standard temperature probe placed inside the oven on plastic standoffs. Retention 

factors were measured for each standard and for the dead time marker (measured from the 

apex of each peak) with each of the 11 mobile phase compositions, and the three replicates 

were averaged to give the final retention factors. Retention factors were corrected for 

instrument dead time. Uracil was the dead time marker. Uracil is slightly retained at low 

acetonitrile fractions, biasing the calculated retention factors of the standards, but it does not 

bias the back-calculated gradient because the same uracil dead times are used to calculate 

gradient retention times, canceling out the bias. Figure 4 shows the measured isocratic 

retention factors as a function of solvent composition for each of the 20 standards. The 

unusual relationships of N-methylacetamide and N-ethylacetamide are mostly a result of the 

fact that retention factors were small and had much more error associated with them.

3. Results/Discussion

3.1 The Modified Conventional Procedure

Despite the widespread use of the conventional approach to measure HPLC gradient profiles 

[1,2,8,10–19], we found that with at least one make/model of HPLC, it fails to measure the 

gradient produced under typical experimental conditions. We came across this problem 

when we discovered that gradient retention times of late-eluting compounds were much later 

on HPLC instrument B than expected. We assumed it had something to do with the gradient 

produced by instrument B, but when we used the conventional approach to measure it, we 

saw nothing unusual.

After exhausting all other possibilities, we went back and re-measured the gradient produced 

by the instrument using acetonitrile (with 0.1% acetone) as solvent B instead of water. 

Unfortunately, this was complicated by the fact that the molar absorptivity of acetone 

changes as a function of the acetonitrile fraction. Therefore, we first had to measure and 

correct for the dependence of molar absorptivity on solvent composition. Moreover, since 

the molar absorptivity corrections were measured using solvents mixed online by the HPLC 
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pump, we also corrected for systemic solvent proportioning errors. Altogether, this modified 

version of the conventional procedure, which we call the “modified conventional approach”, 

was as follows:

1. Replace the column with a piece of narrow tubing long enough to generate the 

minimum required back-pressure for the HPLC instrument.

2. Replace solvent A with water and solvent B with water containing 0.1% acetone.

3. Measure the “instrument dead time” (the time it takes for an injected solute to reach 

the detector with the column bypassed).

4. Run steps from 0% to 100% B at 5–10% intervals.

5. Calculate the actual solvent composition the pump produces at each programmed 

solvent composition.

6. Replace solvent B with 0.1% acetone in acetonitrile.

7. Run steps again from 0% to 100% B at 5–10% intervals.

8. Assuming the same solvent proportioning errors as determined from step 5, 

determine the relationship between absorbance and solvent composition.

9. Run a relatively fast gradient (e.g. 5 min) from 0% B to 100% B and record the 

absorbance at 265 nm as a function of time.

10. Apply the correction from step 8 to determine solvent composition as a function of 

time.

11. Shift the timescale of the absorbance data back by an amount equal to the 

instrument dead time.

After we measured the gradient produced by instrument B with this approach, it became 

obvious why later-eluting compounds were retained so much longer than expected – the 

gradient was severely distorted when acetonitrile was used in solvent B (Figure 5). The same 

behavior was observed with two other HPLCs of the same make and model and we could 

not find any pump settings that could be altered to fix the problem (e.g., solvent 

compressibility settings), suggesting that the behavior was characteristic of this type of 

instrument, which was only five years old. Of course, the HPLC pump used in this example 

is an extreme case, but in our experience with other makes and models of pumps, we find 

that gradients are often more dispersed at the end than at the beginning when acetonitrile is 

used as solvent B. This is possibly a result of the different densities of the two solvents and 

the geometries of the mixing elements, causing them to mix better at some solvent 

compositions than at others. In any case, this example illustrates that the conventional 

approach for measuring gradient profiles can be misleading, indicating that an instrument is 

functioning properly when, under normal experimental conditions, it is not.

A more accurate gradient can yield useful information. For example, in this case it would 

indicate that a method transfer to such an instrument may fail for late-eluting compounds as 

they will experience a shallower gradient than they would on other instruments that produce 

less distortion. The gradient could also be modified to offset the distortion to some degree or 
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to emulate the distortion on another HPLC instrument, although we are not aware of any 

standard methodology to do this, yet. More accurate knowledge of the gradient would also 

inform method development—one can see that with this HPLC system, it takes an especially 

long time to reach a solvent composition after it is programmed to produce it. Therefore, it 

would be necessary to give this HPLC plenty of time to return to a solvent composition near 

the initial one when it is preparing for the next run [25]. In our case, we used the information 

to model retention in a gradient with much higher accuracy [26].

Nevertheless, we do not recommend this procedure for general use. Not only was it time-

consuming and difficult, it was also complicated by a number of other factors. For instance, 

unless the length of the tube that replaces the column is carefully tuned, it will not produce 

the same backpressure as the column. With some HPLC instruments, particularly those with 

diaphragm pulse dampeners, the backpressure strongly influences the shape of the gradient. 

We also found that it was necessary to re-measure the absorbance vs. solvent composition 

relationship (steps 4–8) on each absorbance detector due to slight differences between the 

detectors (Figure S-2). Finally, we found that vacuum degassers can cause major error, 

especially at low flow rates (see Supporting Information), sometimes making it necessary to 

bypass the vacuum degasser and degas the solvents a different way.

3.2 The “Measure Your Gradient” Procedure

In contrast, the MYG methodology measures the gradient under common reversed-phase 

conditions used in LC-MS, is relatively easy to use, and it takes a similar amount of time as 

the conventional approach. It uses the gradient retention times of a set of 20 standards (see 

Experimental section) run on a standard stationary phase (currently the Eclipse Plus C18 

phase with 3.5 μm particle size) to back-calculate the gradient and the dead time vs. solvent 

composition profile that must have been produced in the run. It back-calculates them by the 

convergent, iterative process outlined in Figure 6. It begins with the ideal gradient and dead 

time profile. In the case of the dead time profile, the “ideal” profile is the one we previously 

measured for the Eclipse Plus C18 phase using uracil as the dead time marker, scaled to the 

specified column dimensions. Then it makes a small change to the profiles in turn. After 

each change, the expected retention times of the standards are re-calculated from the new 

profiles and from measurements of each standard’s isocratic retention (see Experimental 

section) which are built into the software. (Gradient retention time calculations are discussed 

in Supporting Information.) The process repeats until the differences between the 

experimental and calculated retention times are minimized. The interested reader may find 

more details about the algorithm in the source code, which is available on the website.

Despite the overall complexity of the methodology, the approach is quite simple from a 

user’s perspective. The MYG procedure is as follows (step-by-step instructions are also 

given online):

1. Prepare solvents A and B. Solvent A must be 0.10% (v/v) formic acid in water and 

solvent B must be 0.10% formic acid (v/v) in acetonitrile. Up to 10% error in the 

formic acid concentration is acceptable as we found that it does not significantly 

affect the back-calculated gradients.
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2. Measure the instrument dead time. Replace the column with a short piece of 

narrow bore tubing. We recommend 50 cm of PEEKsil tubing (IDEX Health & 

Science, Oak Harbor, WA) with 50 μm inner diameter (the ~1 μL of volume it 

contains is negligible, but it generates enough backpressure to meet the minimum 

backpressure required for most HPLC pumps). Then run the MYG test mix in a 1 

min long isocratic method (50% B) at a relatively low flow rate (e.g., 200 μL/min). 

All of the standards should come out at about the same time since there is no 

column to retain them, but we recommend scanning for the 150 m/z ion 

(ethylbenzamide) if a mass spectrometer is used as the detector. If a UV absorbance 

detector is used, set it to 210 nm. A sampling rate of at least 5 Hz should be used if 

possible. The retention time that is measured is the instrument dead time at that 

flow rate.

3. Run the Measure Your Gradient test mix. The test mixture may be obtained from 

the website. Virtually any gradient program and flow rate may be used so long as: 

a) the column contains the Eclipse Plus C18 stationary phase (3.5 μm particles), 

though it can be of any length and inner diameter, b) the column temperature is set 

to 35 °C, c) the initial solvent composition is ≥5% B and the final solvent 

composition is ≤95% B, and d) the needle wash solvent is equal to or less than 5% 

B. Note that when measuring gradient delay volume, more precise results can be 

obtained with fast, steep gradients and/or a low flow rates. With newer HPLC 

equipment, a 5 min gradient from 5% to 95% B at a flow rate of 200 μL/min is a 

good place to start.

4. (optional) Convert the LC-MS data file into an open-source file format. 
Instructions are provided on the website to convert files with ProteoWizard [27].

5. Back-calculate the gradient. Launch the Measure Your Gradient application from 

the website (see Figure S-3). Enter the column inner diameter and length, the flow 

rate that was used, the gradient program that was run, the instrument dead time/

volume that was measured in step 2 (if it is entered as a time, make sure it is 

appropriately scaled for the flow rate used), and the retention times of each of the 

standards in the MYG test mix with three decimal places precision. The retention 

times may be entered manually or automatically extracted from an mzXML, 

mzML, or netCDF file of the LC-MS run. We found this feature greatly speeds up 

the process and reduces the chance of errors in transcription of retention times. 

Then click the “Next Step” button and then the “Back-Calculate Profiles” button. 

The software iteratively optimizes the gradient and dead time profiles so as to 

minimize the difference between the experimental and calculated retention times. 

At first, it only optimizes the mixing volume, non-mixing volume, and dead time 

profile, but if desired, it can continue to optimize the entire gradient, allowing it to 

take on any shape so that it may reflect solvent proportioning errors.

To illustrate the importance of each step of the back-calculation process and its effect on the 

resulting retention times, Table 1 shows the measured retention times of the 20 standards in 

a 5 min gradient along with the errors in the calculated retention times for each standards 

after different degrees of back-calculation. The corresponding gradients and dead time 
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profiles back-calculated for each of the four cases are shown in Figure 7. When the retention 

times of the standards were calculated assuming ideal gradient and dead time profiles, the 

error was quite large (±0.89 min). Allowing the software to back-calculate only the dead 

time profile improved the accuracy 3-fold, but allowing it to also back-calculate gradient 

delay, i.e., Vnon-mix, improved the accuracy 20-fold. When the gradient was allowed to take 

on any shape (accommodating gradient dispersion and solvent misproportioning), the error 

dropped all the way to ±0.002 min, 22-fold more accurate than when only gradient delay 

was allowed to change. As can be seen in Figure 7, the differences between those two 

gradients are small, but they had a considerable effect on the accuracy of the calculated 

retention times of the standards.

It may be unnecessary to use all 20 standards to back-calculate the gradient, but a significant 

number are necessary to obtain more detailed information about the shape of the gradient. 

For example, dispersion at the end of the gradient in Figure 7 could not be back-calculated if 

only a few standards were used. Having 20 standards in the test mixture also adds some 

redundancy, making it possible to back-calculate gradients even when the retention times of 

some standards cannot be found or are not useful. For example, if different initial and final 

solvent compositions are used, some standards may be almost completely unretained while 

others may be retained so much that they do not elute. Even then, the remaining standards 

may be enough to back-calculate the gradient. One might expect that the disadvantage of 

using so many standards is that it adds hassle for the user since they must record the 

retention time for each one. Indeed, when using an absorbance detector, it adds extra work, 

but when using an MS detector, the extra work is insignificant since the online software 

extracts the retention times of the standards automatically from the LC-MS data file.

3.3 Comparison of MYG and the Modified Conventional Procedure

3.3.1 Different Gradient Times, Flow Rates, and HPLC Instruments—We found 

that gradients measured by MYG are comparable to those measured by the modified 

conventional procedure over a reasonable range of experimental conditions. Figure 8a shows 

gradients measured by each procedure under four different flow rates on instrument A. 

(Dead time profiles were omitted for brevity.) At the very end of the gradients measured by 

MYG, there are sometimes steep changes in slope. They should be ignored as they are an 

artifact caused by over-fitting the gradient to fit the retention time of the last standard. Other 

than that, the gradients are quite similar except in the case of the lowest flow rate (100 μL/

min). There, the two profiles are similar at the beginning, but then the profile measured by 

MYG follows the slope of the ideal gradient a bit longer than the profile measured by the 

modified conventional procedure. It may be that the pump actually behaved differently in 

each case. The pump’s specifications state a minimum backpressure of 20 bar, but with the 

column in place, the backpressure dipped below 20 bar at the end of the gradient, potentially 

altering the gradient profile, though additional experiments would be required to confirm 

that this is truly what happened.

The profiles were also similar when using different gradient lengths and on a different 

HPLC instrument. Figures 8b compares gradients that were 5 and 20 min long measured by 

the two procedures. Figure 8c shows a gradient measured on instrument B. This was the 
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same gradient program as that shown in Figure 5, where the modified conventional 

procedure yielded a very different gradient than that measured by the conventional 

procedure. The gradient measured by MYG is nearly identical to that measured by the 

modified conventional procedure.

3.3.2 Different Column Dimensions and Stationary Phase Batches—Currently, 

one must use the Eclipse Plus C18 stationary phase with 3.5 μm particles, but any column 

dimensions may be used. Figure 9 compares gradients measured by the MYG procedure 

with columns of different lengths (50 mm, 100 mm, and 150 mm) and inner diameters (2.1 

mm, 3.0 mm). The gradients are virtually identical. A column with 4.6 mm inner diameter 

also worked, but it had to be run at a higher flow rate to keep the backpressure over the 

pump’s minimum required pressure (not shown).

Since MYG measures the gradient chromatographically, we wondered if differences 

between batches of the Eclipse Plus C18 stationary phase would be enough to cause 

differences in the measured gradients. If the selectivity of the batches were different, or if 

they were more or less retentive, it would affect the shape of the back-calculated gradients. 

To test this, we measured the same gradient using six different batches of the Eclipse Plus 

C18 phase—some batches over a year old (Figure 9). Evidently, it made very little 

difference which batch was used – the gradients are hardly distinguishable from one another.

3.3.3 Measurement of Gradient Delay and Mixing Volume—One common use of 

the methodology will simply be to measure the total gradient delay volume. We found that 

the MYG procedure was actually a more precise way to measure the total gradient delay 

than the modified conventional approach. Table 2 shows the total gradient delay and the 

mixing volume measured under four different conditions by each procedure. The average 

gradient delay measured by the MYG procedure was 355 ± 13 μL while that measured under 

the first four conditions by the modified conventional approach was 330 ± 28 μL. Thus, the 

MYG approach measured total gradient delay with less than half the uncertainty.

Comparison of mixing volume measurements was more complicated, but first it is important 

to preface the comparison by noting that the mixing volume may not have direct physical 

significance since the model used to describe the gradient (a mixing and non-mixing volume 

in series) is only a very simple approximation of the true system. With that in mind, it 

appears that the modified conventional approach was more accurate due to its greater 

precision; while the MYG approach measured an average mixing volume of 91 ± 37 μL, the 

modified conventional approach measured an average of 74 ± 9 μL. However, a major part 

of the difference was caused by the fact that the conventional approach calculates mixing 

volume from only the very beginning of the gradient while the MYG procedure calculates it 

from the entire gradient. This is important because the instrument that was used for these 

comparisons (instrument A) showed more dispersion in the latter part of the gradient than in 

the first part. For example, when the conventional approach was used to calculate mixing 

volume in the 100 μL/min gradient, it gave 73 μL when measured from the first change in 

the gradient slope, but it gave 240 μL when measured from the second change in slope. On 

the other hand, the MYG procedure measured 160 μL mixing volume, which is close to the 

average of the two. Therefore, a better comparison of precision in the mixing volume 
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measurement is made by considering only the set of nine runs in Table 2 that employed the 

same 10 min gradient at 0.4 mL/min. In this case, the MYG approach yielded a mixing 

volume with much better precision (75 ± 19 μL), but it was still twofold larger than that of 

the modified conventional approach.

3.4 Current Limitations of the MYG Methodology

Though MYG has a number of advantages over the conventional approach, it has some 

important limitations. Currently, the biggest two limitations are that the methodology 

requires use of the Eclipse Plus C18 stationary phase (3.5 um particles) and that it requires 

the mobile phases to be 0.1% formic acid in water and 0.1% formic acid in acetonitrile. We 

do not expect there is anything that would fundamentally limit the methodology from 

working with other stationary or mobile phases, but before it can be used under another set 

of conditions, the isocratic retention behavior of the standards would have to be measured 

under those conditions and entered into the source code of the MYG software. On the other 

hand, having to purchase an Eclipse Plus C18 column is a relatively small inconvenience 

when the alternative is the modified conventional approach.

Another limitation is that MYG cannot measure fine detail or high frequency components of 

the gradient. For example, incomplete mobile phase mixing, which would superimpose a 

relatively fast sinusoidal signal on the gradient, is undetectable, as are flow rate and pressure 

fluctuations. Thus, MYG and the conventional approach are complementary. When one is 

interested in relatively high frequency features or spurious changes in solvent composition, 

the conventional approach should be used. Otherwise, the MYG provides a more accurate 

overall picture of the gradient. For regular instrument performance qualification, some may 

find it easier to use the conventional approach, but we recommend running MYG at least 

once on each HPLC to get a feel for how the gradient it produces under real conditions 

compares with that measured by the conventional approach.

Even though MYG did not appear to be affected by use of columns over a year old, the 

stationary phase will eventually degrade to the point that it affects the accuracy of the back-

calculated gradients. How can one know when their column has reached that point? There is 

currently no mechanism to detect an unsuitable column. However, in future versions of the 

methodology, we plan to add a set of chemically diverse test compounds into the mixture. 

Then, after a user back-calculates their gradient and dead time profiles, the software will 

attempt to calculate retention times for each of the test compounds. If error in the calculated 

retention times is under a certain threshold, it would indicate that the selectivity of the 

column is like that of a new one. We recently found that a similar strategy works well for 

gas chromatography [28].

Finally, as it stands the MYG methodology does not properly take into account some of the 

more subtle factors affecting retention. For instance, if a column oven is incorrectly 

calibrated, the temperature error could erroneously alter the shape of the back-calculated 

gradient profile. Figure 10 shows gradients determined by MYG when the column oven was 

set to a range of temperatures between 30 and 40 °C to simulate a temperature calibration 

error. The temperature difference imparts a bias to the gradient that is strongest at the end. 

Temperatures warmer than 35 °C cause the gradient to be shifted upward to higher solvent 
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compositions while cooler temperatures cause the gradient to be shifted downward to lower 

solvent compositions. Cooler temperatures also cause the gradient to appear more dispersed 

with a larger gradient delay volume and hotter temperatures cause the opposite bias. For 

example, at 40 °C, the gradient delay measured by MYG was 335 μL while at 30 °C the 

gradient delay was 398 μL. Fortunately, the effect is hardly noticeable if the temperature is 

kept between 34 and 36 °C. The measured gradient delay was virtually unaffected in this 

range as well: at 34 °C it was 368 μL and at 36 °C it was 354 μL, both being quite close to 

the value of 355 μL that was measured at 35 °C.

Another subtle bias could be caused by heat generated within the column as mobile phase is 

forced through it (viscous frictional heating) [29–31]. Since different types of column ovens 

(i.e. adiabatic, forced air, water jacket, etc.) dissipate the frictionally generated heat to 

different extents, the back-calculated gradient could potentially be biased by the type of 

column oven used. In addition, the methodology does not account for the dependence of 

retention on pressure [32,33]. Fortunately, the effect of these factors seems to be small in 

this case as they did not appear to affect the gradients even when the column length was 

changed between 50 and 150 mm or when the flow rate was changed between 100 and 800 

μL/min, both of which would have affected the amount of frictional heating and the 

pressure. Finally, the methodology currently does not account for distortion of the gradient 

caused by the preferential uptake of acetonitrile into the stationary phase [34–38] (also 

called “solvent demixing” [36]). This effect would be most pronounced in steep gradients, 

but it does not seem to have a significant effect in this work as all of the back-calculated 

profiles are quite similar to those measured by the modified conventional approach. 

Nonetheless, until it is taken into account, it would limit the MYG methodology from 

working under steeper gradients or step changes in solvent composition. Similarly, slow 

equilibration of the column to the changing mobile phase composition [16] may reduce its 

accuracy under very steep gradients.

4. Conclusions

The new Measure Your Gradient (MYG) methodology offers a number of advantages over 

the conventional approach. Most importantly, it provides a fast and easy way to measure 

gradients under precisely the same conditions as typical LC-MS reversed-phase runs (i.e. 

solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid in acetonitrile, the 

column left in place). Thus, it avoids bias caused by measurement under non-standard 

conditions (i.e. water in both solvents and no column). We also found that it measures total 

gradient delay volume with twice the precision of the conventional method, though it 

measures the portion of that delay volume that is mixing volume with half the precision.

It also provides a way for those with only an MS detector to measure their HPLC gradient. 

In fact, since only the retention times of the standards are needed, we expect that any type of 

detector should work so long as it can detect the 20 standards. An MS detector, however, is 

best, since it can pick out the retention times of each standard even when they overlap (such 

as in steep gradients). It is also the most efficient as the retention times of the 20 standards 

can be automatically extracted from the LC-MS data file using the online MYG software.
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Another unique advantage of MYG is that it can be easily integrated into a user’s workflow 

and/or automated. The mobile phase solvents required for MYG are the same as those 

commonly used for LC-MS, so there is often no need to change solvents. Moreover, if one is 

using one of the standard stationary phases for their analyses (currently, the only standard 

phase is Eclipse Plus C18 with 3.5 μm particles), the same column could be used to measure 

the gradient that is used for analyses. In that case, the MYG standards could even be spiked 

into the sample beforehand, enabling the gradient to be measured at the same time as the 

sample is analyzed, requiring no additional analysis time to measure the gradient.

MYG also provides a practical way to compare chromatograms. The retention times of the 

20 standards provide a critical piece of experimental information that is necessary to 

understand differences between chromatograms as they indicate how the HPLC actually 

behaved in each run. If the standards are spiked into the sample, that information is 

embedded directly into the chromatogram. If instead, the test mixture is run separately, the 

retention times of the standards could be paired with the chromatogram, along with the usual 

metadata (e.g. column dimensions, gradient program, flow rate, etc.), to better define the 

experimental conditions that were used when the chromatogram was collected. Those 

wishing to share chromatograms between labs, to compare chromatograms collected on 

different instruments, or to compare chromatograms collected over long periods of time, 

would benefit from spiking their samples with the MYG standards or running the MYG test 

mix contemporaneously and providing the retention times of the standards with their data.

In future work, we intend to further validate the methodology with more makes/models of 

HPLC instruments, including those with diaphragm pulse dampeners which would yield 

different gradients depending on the backpressure. We also plan to improve the 

methodology by accounting for temperature effects, frictional heating, pressure effects, and 

uptake of acetonitrile by the stationary phase. Step-by-step instructions for using MYG and 

the open-source software are available for free at www.measureyourgradient.org. The MYG 

test mix is also available on the site.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The usual approach to measure HPLC gradients yielded misleading results

• A simple new approach was developed that yields more accurate gradients

• The retention times of 20 standards are used to back-calculate the gradient

• The methodology was accurate under a range of conditions

• Software and instructions were made available online
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Figure 1. 
a) Comparison of the ideal (programmed) gradient and the actual gradient produced by an 

HPLC system as measured from the point of sample injection, b) depiction of the sources of 

gradient delay volume, c) two simulated gradients, one with 400 μL non-mixing volume and 

no mixing volume (the gradient is just delayed), and the other with 400 μL non-mixing 

volume and no non-mixing volume (the gradient is delayed and dispersed).
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Figure 2. 
A gradient measured using a UV absorbance detector and a mass spectrometer by the 

conventional approach using caffeine as the tracer. Both the raw extracted ion 

chromatogram (195 m/z) for caffeine and a smoothed chromatogram (moving average, n = 

160) are shown. The MS signal was noisy and did not measure the same gradient as the UV 

absorbance detector. The gradient was a 10 min gradient from 5% to 95% B at a flow rate of 

400 μL/min.
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Figure 3. 
Chromatograms of the MYG test mixture measured by MS detection (blue) and UV 

absorbance at 210 nm (red) in a 10 min gradient from 5% to 95% B at 400 μL/min. The peak 

positions of the 20 standards are shown with dashed gray lines.
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Figure 4. 
Measured isocratic retention vs. solvent composition relationships for each of the 20 

standards: N-methylacetamide ( ), N-ethylacetamide ( ), N,N-dimethylpropionamide 

( ), benzamide ( ), N-methylbenzamide( ), N-ethylbenzamide ( ), N-propylbenzamide 

( ), N-butylbenzamide ( ), N-pentylbenzamide ( ), N-hexylbenzamide ( ), N-

heptylbenzamide ( ), N-octylbenzamide ( ), N-nonylbenzamide ( ), N-decylbenzamide 

( ), N-undecylbenzamide ( ), N-dodecylbenzamide ( ), N-tridecylbenzamide ( ), N-

tetradecylbenzamide ( ), N-pentadecylbenzamide ( ), and N-hexadecylbenzamide ( ).
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Figure 5. 
The same gradient measured on instrument B by the conventional approach and by the 

modified conventional approach. The gradient was fairly normal when solvent B was water, 

but it was severely distorted when solvent B was acetonitrile, even after correcting for 

changes in molar absorptivity as a function of solvent composition.
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Figure 6. 
Flow chart showing how MYG iteratively back-calculates the gradient and dead time 

profiles.
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Figure 7. 
Gradient and dead time profiles determined by different degrees of back-calculation. Each 

corresponds to those described in Table 1.
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Figure 8. 
Gradients measured by the MYG procedure (blue) and the modified conventional procedure 

(red) on a) instrument A in a 10 min gradient under four different flow rates, b) instrument 

A in a 5 min and 20 min gradient at 400 μL/min, and c) instrument B in a 5 min gradient at 

200 μL/min. Dead time profiles are omitted for brevity.
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Figure 9. 
A 10 min, 400 μL/min gradient from 5% to 95% B, measured with three different column 

lengths, two different column inner diameters, and six different batches of the Eclipse Plus 

C18 stationary phase. The gradients are offset vertically from each other for clarity. Unless 

labeled otherwise, each column should be assumed to contain stationary phase from batch 1 

with dimensions of 2.1 x 100 mm. Dead time profiles are omitted for brevity.
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Figure 10. 
A 10 min, 400 μL/min gradient from 5% to 95% B, measured by MYG when the 

temperature is set greater than and less than 35 °C in order to simulate a column oven 

calibration error. The gradients are mostly affected at the end, with hotter temperatures 

causing a bias toward higher solvent compositions and cooler temperatures causing a bias 

toward lower solvent composition. Dead time profiles are omitted for brevity.
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