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LIQUID-LIQUID EXTRACTION

Before examining chromatographic separations,useful to consider the separation process in
a liquid-liquid extraction. Certain features ofstiprocess closely parallel aspects of
chromatographic separations. The basic procedungeiforming a liquid-liquid extraction is to
take two immiscible phases, one of which is usuabyer and the other of which is usually an
organic solvent. The two phases are put into &desalled a separatory funnel, and compounds
in the system will distribute between the two plsas€here are two terms used for describing
this distribution, one of which is called tHestribution coefficient (D¢), the other of which is
called thepartition coefficient (D).

The distribution coefficient is the ratio of theno@ntration of solute in the organic phase over
the concentration of solute in the aqueous phase\(tterms are the volume of the phases).

This is essentially an equilibration process whengb start with the solute in the aqueous phase
and allow it to distribute into the organic phase.

solutgg = solutgg

[solute] org molorg/VOrg B MOlyry X Vg

[solute]aq moly/Vaq  molyq X Vo,

D¢ =

The distribution coefficient represents the equilim constant for this process. If our goal is to
extract a solute from the agueous phase into th@nar phase, there is one potential problem
with using the distribution coefficient as a measof how well you have accomplished this goal.
The problem relates to the relative volumes ofpgthases. For example, suppose the volume of
the organic phase was very small compared to thenof the aqueous phase. (Imagine using
100 mL of organic solvent relative to a volume @iter equal to that in an Olympic-sized
swimming pool). You could have a very high concatidn of the solute in the organic phase,
but if we looked at the amount of solute in theamig phase relative to the amount still in the
water, it might only be a small portion of the tatalute in the system. Since we really want as
much of the solute in the organic phase as posshkesystem has not yet achieved that
outcome.



The partition coefficient is the ratio of the mot#ssolute in the two phases, and is a more
effective means of measuring whether you have aetiéhe desired goal. The larger the value
of Dy, the more of the solute we have extracted ortparéd into the organic phase.
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From experience you have probably had in your aogetmemistry lab, you know that the
approach that is often used in liquid-liquid extiag is to add some organic phase, shake the
mixture, and remove the organic phase. A freshiggoof the organic phase is then added to
remove more of the solute in a second extractsmwe will see shortly, this distribution of a
solute between two immiscible phases forms theslEfsthromatographic separations as well.

Next we want to examine some general types of etkbraprocedures that are commonly used.
The first is a classic example of an extractiorcpoure that can be used to separate acids, bases,
and neutrals.

An aqueous sample contains a complex mixture of oagic compounds, all of which are at
trace concentrations. The compounds can be groupéato broad categories of organic
acids, organic bases and neutral organics. The desis to have three solutions at the end,
each in methylene chloride, one of which containsty the organic acids, the second
contains only the organic bases, and the third coains only the neutrals. Devise an
extraction procedure that would allow you to perfom this bulk separation of the three
categories of organic compounds.

Two things to remember:
* lonic substances are more soluble in water thamganic solvents.

* Neutral substances are more soluble in organiestdvthan in water.



The key to understanding how to do this separagtates to the effect that pH will have on the
different categories of compounds.

Neutrals — Whether the pH is acidic or basic, tvedlaemain neutral under all circumstances.
Organic acids — RCOOH

At very acidic pH values (say a pH of around 1hese are fully protonated and neutral
At basic pH values (say a pH of around 13) — tlaedully deprotonated and anionic

Organic bases —3R

At very acidic pH values (say a pH of around 1hese are protonated and cationic
At very basic pH values (say a pH of around 18)ese are not protonated and neutral

Step 1: Lower the pH of the water using conceettdtydrochloric acid.

Neutrals — neutral
Acids — neutral
Bases — cationic

Extract with methylene chloride — the neutrals anils go into the methylene chloride, the
bases stay in the water.

Step 2: Remove the water layer from step (1),s4dhe pH back to a value of 13 using a
concentrated solution of sodium hydroxide, shakeresy methylene chloride, and we now have
a solution of the organic bases in methylene atdori(SOLUTION 1 — ORGANIC BASES IN
METHYLENE CHLORIDE)

Step 3: Take the methylene chloride layer frorp $18 and shake this against an aqueous layer
with a pH value of 13 (adjusted to that level ustngpncentrated solution of sodium hydroxide).

Neutrals — neutral
Organic acids — anionic

The neutrals stay in the methylene chloride lay&OLUTION 2: NEUTRALS IN
METHYLENE CHLORIDE) The acids go into the wateyds.

Step 4. Take the water layer from Step (3), lotherpH to a value of 1 using concentrated
hydrochloric acid, shake against methylene chlgrahel the neutral organic acids are now
soluble in the methylene chloride (SOLUTION 3: ORGHA ACIDS IN METHYLENE
CHLORIDE).



Devise a way to solubilize the organic anion showselow in the organic solvent of a two-
phase system in which the second phase is waters afirst step to this problem, show what
might happen to this compound when added to suchtao-phase system.
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This compound will align itself right along the éntace of the two layers. The non-polag C
group is hydrophobic and will be oriented into trganic phase. The polar carboxylate group is
hydrophilic and will be right at the interface witie aqueous phase.

One way to solubilize this anion in the organicg#nes to add a cation with similar properties.

In other words, if we added an organic cation tieet a non-polar R group, this would form an
ion pair with the organic anion. The ion pair beén the two effectively shields the two charged
groups and allows the pair to dissolve in an organivent. Two possible organic cations that
could be used in this system are cetylpyridiniurogtie or tetra-n-butylammonium chloride.

CygHa7 \ NH CI~
/ (C4Hg)eN'CI™

cetyl pyridinium chloride tetra-n-butylammonium chloride

A somewhat similar procedure can often be usedtta& metal complexes into an organic
phase. Metal salts with inorganic anions (halgildfate, phosphate, etc.) are generally water-
soluble but not organic-soluble. It is possiblatl a relatively hydrophobic ligand to the
system. If the ligand complexes with the meta| ibien the metal complex may be organic-
soluble. Usually it helps to form a neutral met@mplex. Also, remember back to our
examination of the effect of pH on the complexatdmetal ions with ligands. The extraction
efficiency of a metal ion in the presence of anigavill depend on the pH of the aqueous phase.
Adjustment of the pH is often used to alter theskVity of the extraction, thereby allowing
different metal ions to be separated.



CHROMATOGRAPHY

Chromatography refers to a group of methods treatised as a way of separating mixtures of
compounds into their individual components. Theibaet up of a chromatographic system is to
have two phases, one stationary and one mobileordpound, which we will usually call the
solute, is introduced into the system, and esdfntias a choice. If it is attracted to the mobile
phase (has van der Waal attractions to the moh#asg), it will move through the system with
the mobile phase. If it is attracted to the staiy phase, it will lag behind. It's easy to imami
some solute compounds with some degree of attraftirdboth phases, such that these move
through the system with some intermediate rateavil.

The first report of a chromatographic applicaticasvby Mikhail Tswett, a chemist from Estonia,
in 1903. (A list of important literature articlesprovided at the end). Undoubtedly other people
had observed chromatography taking place, but eauotil Tswett recognized its applicability
for the separation of mixtures in chemistry. Teweds interested in separating the pigments in
plants. He packed a glass column that might haea locomparable to a buret with starch,
mashed up the plant and extracted the pigmentsaistdvent, loaded the solution onto the top of
the starch column, and ran a mobile phase thraugstarch. Eventually he saw different color
bands separate on the column, hence the term ctography. Rather than eluting the colored
bands off of the column, he stopped it, used awoqaush out the starch filling, divided up the
bands of color, and extracted the individual pigtaeaif the starch using an appropriate solvent.
Twsett used a solid stationary phase (starch) diggiid mobile phase.

Chromatographic systems can use either a gasuwd légg the mobile phase. Chromatographic
systems can use either a solid or liquid as thestry phase. A solid stationary phase is easy
to imagine, as we have already seen for TswettikwAnother common example is to use
paper as the solid (actually, paper is made fraomapound called cellulose). The sample is
spotted onto the paper as shown below, and therhait the piece of paper is dipped into an
appropriate liquid (note that the spot is abovditiigd). The liquid mobile phase moves up the
paper by capillary action, and components of thetumngé can separate into different spots
depending on their relative attraction to the de#la or chemicals that make up the liquid.
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Another type of chromatography that you may be liamwith is thin layer chromatography
(TLC). This is very similar to paper chromatogrgpalthough the stationary phase is usually a
coating of small particles of a material known #gisagel (silica gel is a polymer with the
formula SiQ, although a bit later we will talk in more detablout the exact chemical nature of
this material) on a glass or plastic plate. Sinyilave could take these silica gel particles and
pack them into a glass column, and then flow adigarough the column. If we used some gas
pressure to force the liquid through the silicag®umn more quickly, we would have a
common technique known as flash chromatographysyrahetic chemists use to separate
relatively large amounts of materials they haveppred. Another common solid to use in
column chromatography is alumina ¢8% is the general formula, although we will say more
later about its exact chemical nature).

These methods we have just been talking aboutxara@es of liquid-solid chromatography. |If
we used gas as the mobile phase, injected eithaseous sample or liquid sample into a high
temperature zone that flash volatilized it, witlmgosolid as the stationary phase (there are a
range of possible materials we could use here;oméd perform gas-solid chromatography. If
we thought about how a solute compound would ictesgh such a solid stationary phase, we
would realize that it must essentially “stick” teetsurface by some intermolecular (van der
Waal) forces. This sticking process in chromatpgyais known agsdsorption.

Earlier | said that it is also possible to usegailil as the stationary phase. This might seem odd
at first, because it would seem as if the flowingpife phase would somehow push along a
liquid stationary phase. The way to use a liqwdhee stationary phase is to coat a very thin
layer of it onto a solid support, as illustratedole

Solid Support
Liquid Coating
\__;

The liquid coating has some attractive forces lieriunderlying solid surface, such that it sticks
to the surface and stays in place. We could piglsdz how we could easily have a gas flowing
around a packed bed of such particles and, soderige liquid coating did not evaporate, it
would stay in place on the particles. Flowingouid around it might be a bit more problematic,
and we will examine that in length later in thisturBuffice it to say, though, that it can be done
This would lead to gas-liquid and liquid-liquid dmnatographic methods. The interaction of a
solute compound with a liquid stationary phasdffe@nt than with the solid stationary phases
discussed above. It will still depend on havirtgaative intermolecular forces, but instead of
sticking to the solid surface by adsorption, thieitgomolecule will now dissolve into the liquid
stationary phase. If a solute molecule dissolm&s a liquid stationary phase in a
chromatographic system, we say that the molggait8tions between the two phases.



These two terms are so important in chromatogragystems that it is worth summarizing them
again:

Adsorption — describes the process of a solute molde adhering to a solid surface

Partition — describes the process of a solute molde dissolving into a liquid stationary
phase

There are two terms we can describe in chromatbgrdgat are analogous to those we already
described for liquid-liquid extraction. One of fieeis thalistribution constant (K¢) that is the
ratio of the concentration of the solute in theistaary phase (€ to that in the mobile phase

(Cw).

CS mOls/VS mols X VM
Ke=— = -
Cwm

moly/Vy  moly % Vg

But just like in liquid-liquid extraction, a probtewith this ratio is that the volumes of the
stationary and mobile phases might be significadifferent from each other. With a solid
stationary phase, Ms comparable to the surface area of the partidlégh a liquid stationary
phase, the coating is usually so thin thatWwould be much larger thansV In many cases, a
more useful term is theartition coefficient (K x), which is the ratio of the moles of solute in
each of the two phases.

molg

X =

moly,

Notice that we can related€o Kx because the mole ratio shows up in both. Thatallus to
write the following:
Vm

Ke =Ky (v—s)

There are also some other fundamental figures ot that we often use when discussing
chromatographic separations. The first is knowthaselectivity factor (a). In order to
separate two components of a mixture, it is esslthiat the two have different distribution or
partition coefficients (note, it does not matterethhone you use since the volume terms will
cancel if Kz is used). The separation factor is the ratidhesé two coefficients, and is always
written so that it is greater than or equal to dfyerepresents the distribution coefficient for the
later eluting of the two components.

If a =1, then there will be no separation of the twmponents. The larger the valueogthe
greater the separation. One thing to realizeasttiere is some limit as to how large we want an
a -value to be. For example, the chromatogramguaré (b) below has a much greateralue

than that in (a). But the two components are fsfiparated so that the extra time we would need
to wait for the chromatogram in (b) is undesirablile most chromatographic separations, the
goal is to get just enough separation, so thatamekeep the analysis time as short as possible.



Another important figure of merit in chromatograpbeparations is known as ttegpacity
factor (k'). Capacity is a measure of the retention of ateplur how much attraction the solute
has for the stationary phase. The capacity fastactually identical to the partition coefficient.

mols _ Cs\/s _ <Vs>
mOlM CMVM ¢ VM

We can determine k' values from a chromatogramguisia following equation:

tg — 1o
to

k=
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The term gis the retention time of the compound of interesdtereasdrefers to the retention
time of an unretained compound (the time it takesrapound with no ability to partition into or
adsorb onto the stationary phase to move througleglumn). Sincewill vary from column to
column, the form of this equation represents a atimation of the retention times tg t



Another important figure of merit for a chromataggnéc column is known as the number of
theoretical plates (N) It turns out that one helpful way to think offeromatographic column is
as a series of microscopically thin plates as shioglaw. Using this picture, we could imagine

a compound moving down the column as a serieepssbne plate at a time. The compound
enters a plate, distributes according to its distion coefficient between the stationary and
mobile phase, and then moves on to the next pltav it turns out that chromatographic
systems never really reach equilibrium, and in &aetnot steady state systems, but things like
the distribution and partition coefficients, whiafe equilibrium expressions, are useful ways to
examine the distribution in chromatographic systelisompound with less favorable solubility
in the stationary phase would then move througlsénies of plates faster. The only way to
separate two compounds is to have enough platesoagh equilibrations, to exploit the
difference in partition coefficients between theteompounds. A column with more theoretical
plates is more likely to separate two compounds tre with fewer. We can determine the
number of plates for a compound as shown below.

N=16()
W

»l

INJ W\

W is the width of the peak where it intersects wiita baseline. The important thing to
remember is to use the same units when measuriagd/k (e.g., distance in cm on a plot, time
in seconds, elution volume in mL — which is comnmotiquid chromatography). It should be
pointed out that a column will have a set numbeplafes that will not vary much from



compound to compound. The reason for this isal@mpound with a longer retention time will
exhibit a larger peak width, such that the ratrontés correcting for these two effects.

If we determine the number of plates for a coludiniding the column length (L) by the number
of plates leads to theeight equivalent to a theoretical plate (H) Note that the smaller the
value of H the better. It actually turns out thesihe important figure of merit for a column.

L

H:
N

The chromatograms below show the distinction betmaeeolumn with a small value of H (a)
and one with a much larger value of H (b).

(b) M

INJ i
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Usually today, though, people refer to somethirledahereduced plate height (h)for a
column. The reduced plate height is defined asvahzelow, in which gis the particle diameter
of the packing material used in the column (oritlternal tube diameter if an open tubular
capillary column is used).

H

h= —
dp

You will also come across a term known asréatuced velocity ¢) in the chromatographic
literature. The reduced velocity is defined atofek, in which v is the mobile phase velocity,
and DOy the diffusion coefficient of the solute in the nilelphase.

Dy

Finally, we can define an equation for tiesolution (Rs) of two compounds. This will be a
measure of how much two compounds in a chromatogramseparated from each other.

2 t)

R =
STOW W,

The terms4and § refer to the retention time of the two compourads] W, and W to the width
of each peak at baseline.
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The figure below shows the separation of two pedkssolution values of 0.75 (Figure a), 1.0
(Figure b) and 1.5 (Figure c). The better sepamati A and B that occurs with increasing
resolution is obvious. It is also worth notingttttze analysis time is longer the higher the
resolution. Chromatographic analyses are alwaysgromise between the degree of
separation of the peaks and how long it takes timpea the analysis. In many cases, the goal is
to get just enough separation in the shortest garidime.

— (tgla ;
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Distribution Isotherms (Isotherm means constant temperature):

We have used the distribution and partition cogdfits as ways to express the distribution of a
molecule between the mobile and stationary phhkee that these equations take the form of
equilibrium expressions, and that i a constant for the distribution of a solute poend
between two particular phases. x(Hepends on the relative volumes of the two phases.

Suppose that we plotteds@ersus G, as shown on the coordinate system below.

Cs

Cwm

Notice that Gy plus G would give the total amount of the solute inject&b as you move to the
right on the G axis, it means that more sample is being injectedthe chromatograph. If we
have the expression for the distribution coeffitien

Ke = —5 = constant
Cm

The idealized form of this plot is shown below.wi inject more sample into the column, it

distributes according to a set ratio of the disititn coefficient. The result would be a straight
line, with the slope being the distribution coafiat.

Slope = Kk

C
S Ideal Behavior

Cwm

If we examine this in more detail, though, we wéalize that the volume of stationary phase is
some fixed quantity, and is usually substantiaislthan the volume of the mobile phase. ltis
possible to saturate the stationary phase withesoduch that no more can dissolve. In that case,
the curve would show the behavior shown belowsalt&nown as theangmuir isotherm
(Langmuir was a renowned surface scientist andian@ of the American Chemical Society on
surface science is named in his honor). If weagetgion of Langmuir behavior, we have
saturated the stationary phase or overloaded thecity of the column.

12
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We might also ask whether you could ever get tHeviing plot, which is called anti-Langmuir
behavior.

4—\

Anti-Langmuir Isotherm

Cs -7

Cm

There are actually two ways this could happen. ®iifehe solute dissolves in the stationary
phase, creating a mixed phase that then allowghehsolubility of the solute. This behavior is
not commonly observed. Another way that this ceguois in gas chromatography if too large
or concentrated a sample of solute is injecteda #ted temperature, a volatile compound has a
specific vapor pressure. This vapor pressure earrbe exceeded. If the vapor pressure is not
exceeded, all of the compound can evaporate.olhigh a concentration of compound is
injected such that it would exceed the vapor presgall evaporates, some evaporates into the
gas phase but the rest remains condensed asda lifiaihis happens, it is an example of anti-
Langmuir behavior because it appears as if maretise stationary phase (the condensed
droplets of sample would seem to be in the statiophase because they are not moving).

The last question we need to consider is what tfeeses of non-ideal behavior would do to the
shape of a chromatographic peak. From laws ofisiifh, it is possible to derive that an “ideal”
chromatographic peak will have a symmetrical (Gamgshape. A thorough analysis of this
situation has been published (see Hawke). Eittren bf overloading will lead to asymmetry in
the peaks. This can cause eitfienting ortailing as shown below. The Langmuir isotherm,
which results from overloading of the stationaragd, leads to peak tailing. Anti-Laugmuir
behavior leads to fronting.

INJ Idea INJ Fronting INJ Tailing
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Adsorption Compared to Partition as a Separation Mehanism

If we go back now and consider Tswett’s first sepian, we see that he used solid starch as the
stationary phase, and so solutes exhibited an piiisoto the surface of the starch. A useful
thing to consider is the nature of the chemicaligeoon the surface of starch. Starch is a
carbohydrate comprised of glucose units. The gledanctionality of starch is shown below,
and we see that the surface is comprised of higbligr hydroxyl groups.

CH,0H

OH

Glucose

Silica gel (SiQ) and alumina (AIO3) were mentioned previously as two other commordsol
phases. If we examine the structure of silicaigelvhich each silicon atom is attached to four
oxygen atoms in a tetrahedral arrangement (thiesponds to two silicon atoms sharing each of
the oxygen atoms), we run into a problem when yptot create a surface for this material. If
we have an oxygen atom out on the edge, we woell leed to attach a silicon atom, which
necessitates more oxygen atoms. We end up willerama in which we can never wrap all of
these around on each other and only make somaethihghe formula SiQ. Some of these
groups are able to do this and some of the sudas#ica gel consists of what are known as
siloxane (Si—-O-Si) groups. But many of the outgrgen atoms cannot attach to another silicon
atom and are actually hydroxyl or silanol (Si—OH)ups.

—Si—0-Si— —-Si—OH
Siloxane units Silanol units

What we notice is that the surface of silica gelsists of very polar hydroxyl groups. It turns
out that the same thing will occur for the surfatalumina.

If we consider a solute molecule (S), and havesbab to the surface of silica gel, we could
write the following equation to represent the psscef adsorption.

Si-OH + S © Si-OH---S

With any reaction we can talk about its enthalpg antropy. So in this case, we could talk
about the enthalpy of adsorptiaiHxps). Suppose now we took one solute molecule and
millions of surface silanols, and went through bgeone and measurédHaps for this one

solute molecule with each of these millions of ao€f silanols. The question is whether we
would get one singlAHaps value for each of the measurements. Hopefultyight seem
intuitive to you that we would not get an identigalue for each of these individual processes.
Instead, it seems like what we would really get distribution of values. There would be one
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value that is most common with other less freqwahies clusteid around it. For some reas(
some silanol sites might be a bit more active beeau differences in their surroundi
microenvironment, whereas others might be a b# &esive. Suppose we entered all tr
measurements in a spreaéet and then pled them as a histogram with numbe
measurements of a particular value veAHaps. But another important question involves
nature of this distribution aiHaps values. Would it be symmetrical as shown belowyould
it have some asymmetry?

Frequency of
Occurrence

Low AHaps High
Energ) Energy

The easiest way to think of this is to examinerthtire of the silanol groups on the surfac
silica gel. One thing we could ask is whetherehane different types of silanols, shown
below (are there also disilanols and trisilano

—-Si—OH —Si—(OH) —Si(OH)s

It turns out that we will get some- and trisilanols, although these are far fewer imbar thar
the monosilanols. It should make sense that évthe distribution about a monosilanol we
symmetrical, that the dand trisilanols will have different distribution§ AHaps. Assuming
thatAHaps Is larger for the diand trisilanols, that might lead to the followinigtpfor each o
the individual distibutions and then the composite drawing for theraVeistribution

Overall

.
\\/ Disilanol
Frequency of Silano \ N
Occurrence ~_ " Trisilanol
Low AHaps High
Energ) Energy

Notice the asymmetry in this p with a smaller number of highly active sites. Stnrey to
realize is that even if we had only monosilandisré is still experimental data that shov
small proportion of highly active sites that prodd@an asymmetric distribution. It is import:
to realize that not everything in nature occura symmetrical manne
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The key question for us to ask is what a chromafalgc peak would look like for a solute
traveling through this stationary phase. Hopefillseems reasonable to predict that the peak for
the solute would also be asymmetric. Those sohgkecules adsorbed at the highly active sites
would essentially get stuck on the column and takeh longer to elute. The asymmetric peak
observed in the figure below is said to exhibilitgi. Note that tailed peaks are undesirable in
chromatographic separations because they are mkehgto overlap with each other and

interfere with the separation. Unless the solidese is highly deactivated, all chromatographic
separations based on adsorption will exhibit peding. This causes an inherent inefficiency in
adsorption methods.

INJ
Tailed Peak in Adsorption Chromatography

One last thing before we move on is to understhatidtrong adsorption by molecules on active
solid surfaces has a profound implication in enuwnental chemistry. Consider a leaking,
underground tank of gasoline at a service statiime soil around the tank gets contaminated by
the leaking gas and it is desirable to clean it Gpme way is to remove all the contaminated soil,
heat it in a very high temperature oven that cortsbal the hydrocarbon components of the
gasoline, and recycle the soil. This is a comnssneadiation procedure. But suppose the soil
exists over a very large area (say the soil sudimgnan old hazardous waste dump). This may
be too large a volume of soil to use the removdl@mbustion method. The chemicals may
have leached far away from the original site, comtating nearby drinking wells.

Based on our knowledge of chromatography, and &afigrusing the ground as something
similar to a chromatographic column, we could imagdpumping lots of clean water in from
wells outside the contaminated area, and remowongaeminated water from wells internal to the
contaminated region. After some time of pumpinigth® contaminants ought to migrate by a
chromatographic-like process from the outside &itiside and be removed. If you do this, you
eventually see that the level of contaminants eéwtiater coming out of the inner wells drop
considerably (maybe even to acceptable levels}.ifBou allow the system to sit for quite a
while, you start to discover elevated levels oftaomnants in the water again. What has
happened is that some of the contaminants adsouegistrongly to the solid surfaces in the
ground and were unavailable to the water. As yiséem sat, these slowly began to come off the
surface into the water, raising the concentratidhis kind of treatment process has generally
proven ineffective as a way of completely treasngh ground water contamination. It does get
rid of a lot of the contaminants, but the strongagtion requires enormous lengths of time
before the levels would drop low enough.
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Chromatographic methods languished under theskdieet methods for many years until

Martin and Synge reported the first applicatioragfartition separation in chromatography in
1941. Recognizing that WWII was taking place id1%there was a considerable need for wool
clothing for soldiers from England fighting in thwar. Wool is rather unique as a fabric since it
retains much of its warmth even if wet. In fact,,such wool was needed that England did not
have enough sheep to provide the volume of woahirlg that was necessary. Martin and
Synge were interested in seeing whether it wasilples® make artificial wool, and sought to
examine the amino acid content of the proteinsrielte up wool fibers as a first step in
understanding the chemical nature of wool. Whay thlso realized, though, was that separating
amino acids using adsorption chromatographic metlawdilable at that time was going to be a
difficult process. They therefore investigated Whiee it would be possible to take a solid
particle and coat it with a liquid stationary phaased perform the separation based on
partitioning. What they found was that it was ploles and that the chromatographic efficiency
was improved considerably when compared to methaded on adsorption.

The important thing to realize here is that wearler have an adsorption process, but the
dissolution of the solute into another liquid seolize The relevant enthalpy to consider here is the
enthalpy of solvationfHsory). It turns out thaAHso v Of a particular solute in a particular
solvent will also show a distribution of valuesweyer, in this case, the distribution is a
symmetrical one. Therefore, a chromatographic peaé solute being separated entirely by a
partitioning mechanism between the mobile andatatly phases ought to be symmetrical as
well. This will greatly enhance the efficiencytbe chromatography. This work was so
important that it was recognized with the NobekPiin 1952. The only problem was that there
were still other important issues with liquid chratwgraphy such that it really could not flourish
as an analytical method (we will examine theseragies later in our unit on chromatography).

One intriguing aspect of Martin and Synge’s 194figras the last sentence, which predicted that
it should be possible to use gas as the mobileepfias, gas chromatography), and that some of
the limitations that restrict the efficiency ofligl chromatography should not occur in gas
chromatography. What was also interesting isith@as not until 1951, that James and Martin
published the first report in which gas chromatpbsawas described as an analysis method.
Much of the delay was because of WWII and the rieedcientists to devote their research to
areas of immediate national concern related tovdneeffort.

The introduction of gas chromatography revolutiedithe entire field of chemical analysis.
One thing, as we will develop in the next substdmortion of this unit, is that gas
chromatographic methods had certain fundamentalrdaeges over liquid chromatographic
methods when it came to column efficiency. It wassible, using gas chromatography, to
separate very complex mixtures of volatile chensi@galvery short periods of time. Before gas
chromatography, no one even considered that it niglpossible to separate as many as 50 to
100 constituents of a sample in only an hour. dther thing that prompted an explosion of
interest in gas chromatography as an analysis rdettas the development of some highly
sensitive methods of detection in the 1950s an®@4.9®eople were now able to sense levels of
molecules that were not detectable in other, cotmwmeal solution-phase systems. Part of the
problem with solution-phase analysis is the ovetmingy volume of solvent that can interfere
with the technique used to perform the measurem@at phase measurements, where the
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overall density of molecules is very low, do novéas much potential for interference from
gases other than those being measured.

What we now need to do is develop an understarafimghat created the inherent advantage in
efficiency of gas chromatographic columns, and tivetherstand what took place to improve the
efficiency of liquid chromatographic columns. Whea talk about the efficiency of a
chromatographic column, what we really refer tthess width of the chromatographic bands of
solutes as they migrate through the column.
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BROADENING OF CHROMATOGRAPHIC PEAKS

One of the most important occurrences in chromagugc systems is the broadening of peaks as
compounds move through the chromatographic coluRor.example, if we examine the figure
below in which both sets of peaks have the sanemtien times but different extents of
broadening, we see that the set of conditionsgiatuce the narrower set of peaks (Figure b)
resulted in “better” or more efficient chromatogngp What we observe in the chromatogram
with less peak broadening is that the peaks are mudly resolved and that we could fit more
peaks into a similar window of time in the chrongagon. An ideal chromatographic system
would therefore produce peaks that were straigletdpikes in which no broadening occurred
(Figure a).
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It turns out that there are specific processesabetir in chromatographic systems that cause
peaks to broaden. It also turns out that theseesses are often influenced by experimental
variables that we may have some control over. @artons to broadening in chromatographic
systems can be divided into two broad areas ofamncOne is the contribution from what is
known asdead volume Dead volume refers to all the volume in a chrwmgeaphic system

from the injector to the detector other than thieiem. Remember, the separation only occurs in
the column. All other volumes (tubing used to aectrcomponents, volume within the detector
cell, etc.) have the ability to contribute to pda&adening but not to the separation. One general
goal then is to try to reduce the total dead voltonags small a quantity as possible. In liquid
chromatography this involves using very narrowriné diameter tubing and short lengths of
tubing to connect the components, using small-veldietector cells, etc. The fittings that are
used to connect pieces of tubing together or compisrto each other have been designed
specifically to reduce the dead volume to mininegkls and in ways that do not promote mixing
and broadening.
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The other source of broadening is within the colurffryou were to examine state-of-the-art
columns that are used today in gas and liquid catography, it turns out that there are several
features of their design that lead to significaatuctions in peak broadening. In other words,
these columns represent the best we can do todagtce the broadening of peaks, and
therefore represent the most efficient column tetdgy. It is worth taking the time to
understand the various contributions to peak bnoiadethat occur within the chromatographic
column and to examine the ways in which currentagasliquid chromatographic columns have
been designed to minimize these effects.

There are four general contributions to broademiiigin chromatographic columns. These are
known as:

* longitudinal diffusion

* eddy diffusion

e mass transport broadening in the stationary phase
* mass transport broadening in the mobile phase

Before moving on, it is worth remembering backwo fundamental criteria we talked about
with regards to chromatographic columns, the nurobéneoretical plates (N) and the reduced
plate height (h). Remember that a column with npbages, or better yet a column with a small
reduced plate height, was more efficient and predidetter separations. We can therefore use
the reduced plate height as a determining measuhe @fficiency of a chromatographic
column. The smaller the value of h, the more efficient theolumn. What we will develop as
we analyze the four contributions to broadeningvalie an equation, which was first known as
the van Deemter equation (J. J. van Deemter desttite first treatment of this for
chromatographic systems in 1956), that relatestfes terms to the reduced plate height.
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Longitudinal Diffusion Broadening in Chromatography

Consider a band of a compound in a chromatograggtionn. The band has the following
concentration profile.

The first thing to consider is what would happen tahis profile if the flow of the column

was stopped and the column was allowed to sitVe know from the random process of
diffusion that there is a statistical preferencaich more molecules diffuse away from regions
of high concentration to regions of low concentmati If we were to allow this band to sit
stopped in the column, it would slowly diffuse dtm its central region and lead to a
broadening of the concentration profile as shownwe

This observation of diffusion from a region of higbncentration to one of low concentration
will occur whether the band of material is sittstgtionary in a column or is flowing through the
column. A molecule flowing through a column ha® tmwveans of movement. One is the
physical flow that is taking place. But the otigestill its ability to diffuse in a random manner
from one point to another. All compounds movingtlgh a chromatographic column must
exhibit some degree of longitudinal diffusion breathg. Therefore, we can never get the
idealized chromatogram shown in figure (a) at tbgitning of this section.
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An important thing to consider is whether this pheromenon is more significant (i.e.,

happens faster and therefore causes more broadenipgverything else being equal) in gas

or liquid chromatography. To consider this, we would need to know somethibpgut the
relative rates of diffusion of gases and liquidssubstance with a faster rate of diffusion will
broaden more in a certain amount of time than slimgtwvith a slower rate of diffusion. So the
relevant question is, which diffuses faster, gasdmjuids? | suspect we all know that gases
diffuse appreciably faster than liquids. Just imag/ourself standing on the opposite side of a
room from someone who opens a bottle of a chemnithlthe odor of a skunk. How fast do you
smell this odor? Compare that with having the rdolinof water, and someone adds a drop of a
colored dye to the water at one side of the robtow fast would that color make its way across
the water to the other side of the room? In fgases have diffusion rates that are approximately
100,000 times faster than that of liquids. Thesptal contribution of longitudinal diffusion
broadening to chromatographic peaks is much mareusein gas chromatography than in liquid
chromatography. In liquid chromatography, the dbation of longitudinal diffusion

broadening is so low that it’s really never a diigant contribution to peak broadening.

Finally, we could ask ourselves whether this phenoemon contributes more to band
broadening at higher or lower flow rates. What we need to recognize is that longitudinal
broadening occurs at some set rate that is onbriadted by the mobile phase (gas or liquid)
and the particular molecule undergoing diffusidmthe gas or liquid phase, it would be
reasonable to expect that a small molecule wouwe laafaster rate of diffusion than a large
molecule. If we are doing conventional gas oritiqgthromatography using organic compounds
with molecular weights from about 100 to 300, tiféedences in diffusion rates are not
sufficient enough to make large differences héfeve were comparing those molecules to
proteins with molecular weights of 50,000, therglmibe a significant difference in the rate of
diffusion in the liquid phase. If the longitudindiffusion occurs at a set, fixed rate, then the
longer a compound (solute) is in the column, theetione it has to undergo longitudinal
diffusion. The compound would be in the columwger time at a slower flow rate. This
allows us to say that the contribution of longitwadidiffusion to overall peak broadening will be
greater the slower the flow rate. If we use thieitB to represent longitudinal diffusion
broadening and v to represent flow rate, and wanglate this to h, we would write the

following expression:
B

h=—
\'%

Remember that the smaller the reduced plate hthghietter. At high flow rates, B/v gets
smaller, h is smaller, and the contribution of lbndinal diffusion to peak broadening is smaller.

We can also write the following expression for B: B = Z2Dwu

In this case, B refers to the diffusivity (diffusion coefficientf the solute in the solvent.

Notice that this is a direct relationship: the éaghe rate of diffusion of the solute, the greater
the extent of longitudinal diffusion is known as the obstruction factor, and occus packed
chromatographic column. In solution, a moleculs &a equal probability of diffusion in any
direction. In a packed column, the solid packirgtenial may restrict the ability of the solute to
diffuse in a particular direction, thereby hindgriongitudinal diffusion. This term takes this
effect into account.

22



Eddy Diffusion (Multipath) Broadening in Chromatogr aphy

Consider a group of molecules flowing through akeaddbed of particles. Another way to think
of this is to imagine you and a group of frienddolwing a river downstream in a set of inner
tubes. The river has a number of rocks in the aray/a variety of different flow paths through
the rocks. Different people go in different chasrether because they paddle over to them or
get caught in different flows of the current asytbeunce off of obstacles.

The question we need to consider is whether diffemé molecules would have different path
lengths as they passed through the bed/Vould each person traveling down the river travel
slightly different distance, or would everyone &hthe exact same distance? | suspect we can
see that different molecules would end up travetiaths with different lengths. One molecule
(Molecule 1) might find a relatively straight shibtough the packed bed, whereas another might
encounter more obstacles that needed to be cirauletvéMolecules 2 and 3). If we watched a
group of molecules pass through a packed bed,remdmapped out each path with a length of
string, we would see if we then stretched outtadltrings, that there was a distribution of path
lengths with some being shorter and some beingelonlj that were the case, the molecule with
the shortest path length would move through tharnalmore quickly (Molecule 1). The
molecule with the longest path length would moveulgh the column more slowly (Molecule
3). If we have a distinction between the timeskies a set of molecules to move through the
column based only on different path lengths, weeHawadened the peak. This is known as
eddy diffusion.

Molecules exit the column at disrent

Molecudes erder the

colurin at the same time times because of the diferent paths
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A key factor to consider when examining eddy diffusn is to ask whether the difference in
length between the shortest and longest path depemdt all on the diameter of the particles.

If it is, we could then ask which particles (smabe larger) would lead to a greater difference in
path length?

Almost everyone who is asked the first questiomrse® intuitively realize that the size of the
particles must somehow make a difference. Itgesims too coincidental to think that the
difference between the shortest and longest pathdame identical if the particle sizes are
different. But interestingly enough, almost evergpwhen they first consider this, seems to
select the wrong answer when figuring out whichipker (small or large) would lead to a greater
difference in path length between the shortestiangest path. And remember, the important
distinction is the size of the difference betwess $hortest and longest path, not whether one
column would uniformly have longer path lengthgtiiae other.

To help with this assessment, two columns are madtbelow, one with small particles, the other
with larger particles.

i i .

Lok
N

Note that the greatest distinction will occur betwdwo molecules, one of which has found a
relatively straight shot through the column, thieeotof which has encountered a lot of particles
and so has to travel around them. Also note treatistance a molecule needs to travel around a
larger particle is larger. Now you might be inelthto say that if we have to travel around lots of
small particles, wouldn’t that eventually add ughe larger distance of travelling around one
larger particle? Turns out that it doesn’t! Tlidusion is that smaller particles will reduce the
contribution of eddy diffusion to peak broadeniagi{ough we will add a proviso in just a bit).

In other words, the distribution of path lengthsaafet of molecules travelling through a packed
bed is more uniform for a bed containing smalletiples than it is for a bed made up of larger
particles. Thus, regarding eddy diffusion, thera theoretical advantage to using smaller
particles. That is the reason we use the redulee peight (h = H/g) instead of the plate height
for an overall assessment of column efficiencywdfhad two people pack a column with the
idea of seeing who packed a better one, if oneopansed smaller particles they would have a
competitive advantage if we only compared the phaight (H).
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It is also worth realizing that the flow profileshin below for a molecule would not occur

(okay, there’s probably some infinitesimally snm@oksibility that this could occur, but it's so
small that we could ignore it) in a chromatograptotumn. There is a physical flow pushing the
material through the column and when a moleculehresia flowing area, it will generally be
swept downstream.

N Y \Y/ \?} \\,(/ ~ \\,(/ YN

Some packed columns exhibit channeling, and chamnkglads to a significant and undesirable
amount of eddy diffusion. The illustration belolosvs a column with a channel and compares
two flow paths, one of which goes through the clehnn

Channel

—

Channels provide a straight path through a podiahe column and molecules in a channel
avoid any need to move around any particles. Aemde moving through a channel will have a
much more streamlined or shorter path than a midecwan adjacent part of the column that has
to move through the packed bed. Channels occunwieeparticles stick together in some way
and separate from each other, instead of nestitmgither in a packing arrangement with every
particle closest together. A liquid chromatograptolumn that has dried out (all of the mobile
phase is allowed to evaporate) will likely devetdmmnnels during the drying process that will
never close back up if it is rewetted. Channelshromatographic columns are undesirable and
introduce a lot of broadening into the system.

Another key thing to ask then is whether channelings more likely to occur with smaller or
larger particles. Channeling will occur if a column is poorly padkeThere are very specific
procedures that have been developed for packingrgasiquid chromatographic columns that
are designed to minimize the chance that channelithgccur. One key to packing a good
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column is to slowly lay down a bed of particlestisat they nest into each other as well as
possible. In packing a gas chromatographic coluhig,will usually involve slowly adding the
particles to the column while vibrating it so thia¢ particles settle in together. Liquid
chromatographic columns are usually packed slowfjeun high pressure. A column is packed
efficiently when the particles are in a uniform hveith the minimum amount of voids. Given a
particular particle size, the goal is to fit as mafthem as possible into the column. We can
then ask which is more difficult to pack efficigntlarger or smaller particles.

One way to think about this is if you were askefllt@ large box (say a refrigerator box) with
basketballs or tennis balls. The goal is to fitresy of either one in as possible. You could
imagine readily taking the time to carefully laywoeach basketball into the refrigerator box,
layer by layer, and fitting in as many basketbafipossible. You might also be able to imagine
that you would start slowly with the tennis balésjing in one in a time, and quickly lose
patience at how long this would take to fill theéienbox. If you then sped up, say by slowing
dumping in balls from a pail while a helper shob& box, you would probably create more
voids in the box. Also, because the interstiti@lmes between the tennis balls will be smaller
than that with the basketballs, any channels beaoore significant. The result is that it is more
difficult to avoid the formation of channels witmaller particles. Recapping, smaller particles
have a theoretical advantage over larger partiblesinore care must be exercised when packing
smaller particles if this theoretical advantageofumn efficiency is to be realized.

Do open tubular capillary columns exhibit eddy difusion? Capillary columns do not have
packing material. Instead, they are long, narreameter tubes that have a coating of a liquid
stationary phase on the internal walls of the colum cartoon of a capillary column with a
uniform coating of a liquid on the walls is showeldw.

Liquid
Coating

Flow

v

Because there is no packing material to move aradinede would not be any eddy diffusion in
such a column. The absence of eddy diffusion @o&g) is one advantage that capillary
columns have when compared to packed columns.

Finally, we could ask whether eddy diffusion exhilis any dependence on the flow rate.

This actually turns out to be a difficult questimnanswer with conflicting opinions and data
about whether there is a flow dependence, and éxsactly what the dependency is. If we go
back to van Deemter’s initial development of peedaldening in chromatography in 1956, we
would see that van Deemter believed that the dustian of eddy diffusion to peak broadening
did not depend in any way on the flow rate. Thia reasonable argument if we thought that we
could draw a variety of different flow paths thréug packed bed, and the difference in length
between the shortest and longest flow path woulfixee irrespective of how fast the molecules
were moving through the path.
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But let’s return to our river analogy to see how tlow rate might get involved in this. Suppose
the river had a relatively fast flow rate, suchtttiiéferent people in different inner tubes got
locked into particular flow channels and stayethiose all the way down the river. Under that
situation, each path would have a preset lengtheard if we slowed down the flow, so long as
you were locked into a particular path, the differein distance would be invariant. But
suppose now we slowed down the flow so much treakttvere opportunities to drift around at
points and sample a variety of flow paths downrither. This might lead to some averaging and
the amount of sampling of different flow paths webke greater the slower the flow. This same
thing can happen in a chromatographic column aadsi¢o the conflicting data and opinions
about the nature of any flow rate dependence ow difidision. Also, the exact point at which
there is a crossover between a rapid flow thatdacla flow path versus a slow one that allows
each molecule to sample many different flow pashsipossible to determine. This point is still
not fully resolved, and literature on band broadgrghow different terms for eddy diffusion.

We usually denote eddy diffusion by the term Ayadli look at van Deemter’s initial treatment
of peak broadening, you would see (note, van Dereaide did not use the reduced plate height,
but we could write h = A as well):

H=A
(where A = Ad))

Note how the particle diameteryfds included in this equation for A, so that timeadler the
particle diameter, the smaller the contributioredély diffusion to the reduced plate height.

Another common conclusion today is that the contrdn of eddy diffusion broadening does
exhibit a slight dependence on flow rate. The Lfaran of this is that the dependence 1§ v
and you might often see books or articles thauielthe following term in the overall band
broadening equation.

h=AV"

Still other people throw up their hands at all tb@fusion regarding eddy diffusion and show
overall band broadening equations that do not hayeA-term in them. We will develop
another broadening term that has to do with prasegsing on in the mobile phase (and note
that eddy diffusion only involves the mobile phas®mne of what we talked about even requires
the presence of a liquid stationary phase), so gmople lump the eddy diffusion term into this
other mobile phase term.
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Stationary Phase Mass Transport Broadening

Consider a compound that has distributed betwemtbbile and stationary phase within a plate
in a chromatographic column. The following migbpresent the concentration distribution

profiles in the two phases (note that the compoasdiepicted, has a slight preference for the
mobile phase).

Stationary Phase Mobile Phase

Flow

Concentration Concentration

< »
< >

What we want to do is considethat would happen to these two concentration protes a
brief instant of time later. Since the mobile phase is mobile and the solutecntes in it are
moving, we could anticipate that the profile foe tlnobile phase would move ahead a small
amount. The figure below illustrates this.

Stationary Phase Mobile Phase

Flow

Concentration Concentration
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What about the concentration profile for the solatdecules in the stationary phase? Consider
the picture below for two solute molecules dissdlirethe stationary phase and let's assume that
these are at the very trailing edge of the statipphase distribution.

#1
[ ]
Solid "

Suppor / Liquid Coating
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What we observe is that the molecule labeled g at the interface between the stationary
and mobile phase and provided it is diffusing i@ tight direction, it can transfer out into the
mobile phase and move along. The molecule laldglédwever, is essentially “trapped” in the
stationary phase. It cannot get out into the neopilase until it first diffuses up to the interface
We refer to this process as mass transport. Tléesmolecules in the stationary phase must be
transported up to the interface before they catcbwihases. What we observe is that the solute
molecules must spend a finite amount of time instlaéionary phase. Since the mobile phase
solute molecules are moving away, molecules stutke stationary phase lag behind and
introduce a degree of broadening.

If we then consider the leading edge of the mafiilase distribution, we would observe that the
molecules are encountering fresh stationary phétbene dissolved solute molecules and so
these start to diffuse into the stationary phasenathey encounter the surface. We can illustrate
this below with arrows showing the direction of maigion of solute molecules out of the
stationary phase at the trailing edge and intsthgonary phase at the leading edge.

Stationary Phase Mobile Phase

Flow

Concentration Concentration

& »
<« »

Hopefully it is obvious from this picture that tfieite time required for the molecules to move
out of the stationary phase leads to an overalideaing of the concentration distribution and
overall broadening of the peak.

A critical question to ask is whether the contributon of stationary phase mass transport
broadening exhibits a dependence on the flow rateSuppose we go back to the small amount
of time in the first part above, but now double tlogv rate. Comparing the first situation (solid
line in the figure above) to that with double thenf rate (dashed line) leads to the two profiles.
Hopefully it is apparent that the higher flow régads to a greater discrepancy between the
mobile and stationary phase concentration distiobnst which would lead to more broadening.

The term used to express mass transport broademnthg stationary phase is(hot to be
confused with the €that we have been using earlier to denote theesdration of solute in the
stationary phase). If we wanted to incorporate thio our overall band broadening equation,
recognizing that higher flow rates lead to more srteensport broadening and reduced column
efficiency (higher values of h), it would take tledlowing form:

h=Gv
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Something we might ask is whether the flow rate degndency of the mass transport term

has any troublesome aspectsAn alternative way to phrase this question iagk whether we
would like to use slow or fast flow rates when perfing chromatographic separations. The
advantage of fast flow rates is that the chromaiplgic separation will take place in a shorter
time. Since “time is money”, shorter analysis tinage preferred (unless you like to read long
novels, and so prefer to inject a sample and tlage lan hour of reading time while the
compounds wend their way through the column).oli work for Wenzel Analytical, we’re

going to try to perform analyses as fast as passibtd maximize our throughput. The problem
with speeding up the flow rate too high is thatlvegin to introduce large amounts of mass
transport broadening. The shortening of the amatyme begins to be offset by broad peaks that
are not fully separated. Ultimately, stationaragd mass transport broadening forces us to make
a compromise between adequate efficiency and asaigge. You cannot optimize both at the
same time.

Another thing we need to think about is what effecthe thickness of the stationary phase
has on the magnitude of stationary phase mass trapart broadening. The picture below
serves to illustrate this point.

Remember that the key point is that solute molecsieend a finite amount of time in the
stationary phase, and since solute molecules imttigle phase are moving away, the longer
this finite time the worse. Therefore the thickes phase, the more broadening will occur from
stationary phase mass transport processes. Madhss the ideal stationary phase coating ought
to be microscopically thin, so that molecules ripdiffuse into and out of the stationary phase,
thereby reducing how far ahead mobile phase masadn move in this finite amount of time.
We should also be able to realize that the optounated phase ought to have a uniform
thickness. If we have thin and thick regions asnshbelow, we see that the time spent in the
stationary phase by solute molecules will vary atersibly, an undesirable situation.
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But it turns out that there are two problems witlenmscopically thin coated phases. If we
consider the picture above, where we have twogestwith the same size but different
thickness coatings, a packed column with the thigoating would have much lower capacity.
For example, the phase in the middle figure on 2&geith the thicker coating might be
something like a 5% weight coating of the liquidtbe solid, whereas the phase with the thinner
coating might be only a 1% weight coating of tlgiid on the solid support. Increasing the
capacity has several advantages. One is thalpi$ ethe separation of the mixture (something
we will learn more about later in the course). ®liger is that it is easy to overload or saturate a
column that has a very low capacity.

This raises the question of whether you could deaigolumn that had a thin stationary phase
coating but the higher capacity like that in trgufie on page 29 (5% loading of liquid by weight
on the solid support). There is a way to accorhghss, and it involves using smaller particles.
If you could imagine taking the large solid suppmatticles in the Figure and crushing them into
a bunch of smaller particles, you would realize tha smaller particles have a lot more surface
area. If we then coated the same amount of statyqrhase (5% by weight), because of the
larger surface area, we have to get a thinnermmpatbo what we see again is that the use of
smaller particles has a theoretical advantage thveeuse of larger particles.

The other problem with coating microscopically tpimases is the risk of leaving some of the
surface of the solid support uncoated. These @sslid surfaces provide highly active sites
for adsorption of solute molecules, and we haveaaly seen how adsorption is an inefficient
process that leads to peak tailing. What we hiage ts an advantage of using small particles
with thin coatings, but great care must be takeroating these phases to ensure a complete
coverage with uniform thickness of the surface.

Exposed Solid

/ Surface

Open tubular capillary columns are common in gasrolatography. Back in the early days of
capillary gas chromatographic columns, these wergenof glass tubing that was approximately
the same diameter as a melting point capillary yoatare familiar with from organic chemistry.
These columns were stretched from thick-walledgtabes that were heated in an oven. As the
capillary tube was stretched out, it was coiled roiling oven. It was common to use 30-meter
lengths, essentially a 30-meter long glass slinklye most common process for coating a
capillary column involves what is known as the “nmayplug” technique. As illustrated below,
the liquid stationary phase is dissolved in a mtigolvent that is pushed through the column
using pressure from an inert gas. As the plug maveoats a very thin layer of liquid onto the
inside walls of the column. As the solvent evapesaa very thin layer of liquid stationary phase
remains on the walls of the column. A systematoress is used to treat the inside walls of the
column prior to coating to ensure that the liquieksvthe surface well and is deposited uniformly
over all of the interior surfaces.

31



Stationary Phase
K in Solvent

v

Flow

v

Moving plug technique for coating a capillary wmin

One problem with these glass columns was theiilfiagMany frustrated workers broke the
columns trying to mount them into a gas chromatolgnaith leak-proof fittings. The fittings
used with these glass columns are usually madeaphge, a soft substance that often can be
molded around the tube without breaking it (bwtab’'re not careful, it's easy to break it).
Another problem is caused by the chemical natuigdasfs. We think of glass as a silicate
material (SiQ), but it actually turns out that most silicatesglas contain other metal ions as
constituents (aluminum, magnesium, calcium, and axides are some of the other metals
present). In some glasses, these other metalsecas much as 50% of the glass. These metals
are positively charged centers, and if some obtiréaces are not coated by the liquid phase (an
inevitable occurrence), these metal ions provideasites for adsorption that cause tailing of
compounds (especially oxygen- and nitrogen-comgicompounds that have dipoles).

The capillary columns used in gas chromatograptgy@re known as fused silica columns.
Fused silica is pure silicon dioxide (S)@nd lacks the metal ions in regular glass. Trtase

of fused silica is considerably less active thangtrface of regular glass. Fused silica is widely
used in the production of devices known as fibdicgsp Fiber optics are thin, solid glass fibers.
Light is shined into one end of the fiber at anlarigat causes complete internal reflection of the
light as shown below.

Light going in one end (say in New York City) exast the other end (say in London, England).
The light can be pulsed (sent in small bursts)taedspeed of light allows for very rapid
communication. It turns out to be easy to makerfdptic-like devices with a hole in the center
(in fact, it took people a while to learn how tokmaylass fibers without the hole since the fibers
tend to cool from the outside to the inside, legdmcontraction and a hole in the center). The
hole in the center of fused silica capillary colms so small you cannot see it with the naked
eye (we will see later that this very small operyag advantages in chromatographic
applications). Also, these capillary columns a@edibly flexible. They can be tied into knots,
and more importantly for chromatographic applicasideak-tight fittings can be attached
without breaking the columns. The deactivatedasigf flexible nature making them easy to
install and use, and chromatographic efficiencyt{p®ecause of the deactivated surface, partly
because of how well they can be coated, and pagttguse of the small diameter) make them the
column of choice for most gas chromatographic apgibns today. The only drawback to these
columns is that they have very small capacitieas Ghromatographs built to use fused silica
capillary columns usually have what are known di$ ispection systems. A typical injection
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size for a gas chromatographic sample is 1 pL.nEwis amount is too much for a fused silica
capillary column, but reproducibly injecting smalelumes is very difficult. Instead, the flow
from the injector is split, and only a small parttén 1 in 50 to 1 in 100) is actually sent inte th
capillary column. The rest is vented away and newgers the column.

Another thing we need to examine under the topic dftationary phase mass transport
broadening is the nature of the stationary phase @sl today in liquid chromatography. In
1963, Calvin Giddings published a significant paitéxd “Liquid Chromatography with
Operating Conditions Analogous to Those of Gas @latography”. At this point in time, gas
chromatography was the method of choice when paifay analyses because existing gas
chromatographic columns were far more efficiennttiee liquid chromatographic columns that
were available. In fact, gas chromatography wasreterable to liquid chromatography that
many publications of the 1960s and 1970s descm@ad of preparing volatile derivatives of
non-volatile compounds so that they could be amalyzy gas chromatography. The extra steps
involved in the derivatization were worthwhile senlequid chromatographic methods were not
good enough to separate most compounds in compidxnes.

What Giddings did in this paper was show that it weeoretically possible to perform liquid
chromatography at the efficiency of gas chromatolgya The key feature, which we have not
yet fully developed because we have one more ¢ion to broadening to examine, was to use
exceptionally small particles with exceptionallyrtlcoatings in liquid chromatographic

columns. Of course, these exceptionally thin camgticause several problems. One is how to
coat them so that none of the surface of the solpport is exposed. If you can coat them
uniformly, another problem in a liquid chromatodnapsystem is that there might be locations
in the column where the flowing liquid mobile phasa physically wash away regions of the
coated phase thereby exposing the underlying salidce. Finally, there is no such thing as
two liquids that are completely immiscible in eaxther. It's true that oil and water don’t mix,
but it's also true that a little bit of oil will dsolve in water. Over time, the coated stationary
phase will gradually dissolve away in the mobilagd, eventually exposing the underlying solid
surface. Even though Giddings showed in 1963 twopetform liquid chromatography at the
efficiency of gas chromatography, the phases tlea¢weeded could not be coated in a way that
it was a widely practical method.

It was not until the late 1970s, when bonded ligghdomatographic stationary phases were
introduced, that it was finally practical to dodid chromatography with the same efficiency as
gas chromatography. Bonded phases relied on gdikasomething we already encountered
when we first talked about solid phase, adsorpttmomatography. Silica gel is an excellent
support for liquid chromatographic phases. It iggitally robust, stable at pH values from about
2 to 8, and can be synthesized in a range of pasizes including the very small particle sizes
needed for liquid chromatography. The chemistgdus preparing bonded phases is shown
below. Basically this involves the surface deilizaion of the silanol groups on the surface of
the silica gel with chlorodimethyloctadecylsilanEhe Gg or octadecylsilane (ODS) phase
shown in the scheme are the most common ones U$edpyridine is added to remove the HCI
produced in the reaction.
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Other common bonded phases ug®CC,; surface groups. You can also purchase bonded
phases with phenyl groupszssNH, (aminopropyl) groups, andsBsCN groups. But the {g
phases are so common, and so versatile, that wexainine these in more detail.

The first thing to realize is that attaching thg @oups converts a highly polar surface (the
silanol groups can form hydrogen bonds) into a polar surface. In effect, this is like attaching
a one-molecule thick, oily skin to the surfaceibta gel. There is some question about the
exact conformation of the attachegs@roups. Shown below are two forms, one with the C
groups extended, the other with thg @roups collapsed. There is substantial evidemce t
support the idea that if the non-pola @hase is in contact with a mobile phase thatig ve
polar (say water), that the; §3groups are in the collapsed form. Putting thepbase in contact
with a less polar mobile phase (say methanol) léadsore extension of the;£groups.

Extended Form Collapsed Form

It is interesting, if we examine the extended faithe Gg phase, to consider the nature of this
material at the outer regions. Even though thegtups are attached to a solid, are they long
enough such that the outer edges are “fluid” endadiehave more like a liquid than a solid? If
so, then molecules might distribute into these pbdy a partitioning mechanism. If not, then
molecules adsorb to the surface. Our prior wodkcated that adsorption was undesirable, but
that was adsorption on a polar surface. The néarpdeactivated nature of thegSurface does
not provide strong adsorption sites so peak tairguite minimal.

If you look at most liquid chromatograms, thougbu will see that the peaks tail more than in
gas chromatography. The likely reason for thihiéd some of the surface silanol groups remain
underivatized. Crowding of the;£groups during the derivatization process makaslikely

that all of the silanols can be reached and deatetiv In an effort to minimize the number of
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unreacted silanol groups, some commercially avial@ls phases are end-capped. End capping
involves exhaustively reacting thegphase with a much smaller silane such as
chlorotrimethylsilane (CISi(C)s).

Because of the covalent bonds, the @@oups cannot wash or dissolve off of the soliplpsut. If

we consider peak broadening we said, with regardsass transport in the stationary phase, that
we wanted phases as thin as possibjebGnded phases are essentially one-molecule tiié.
could never coat a one-molecule thick chromatogcapiase. We could never really make a
bonded liquid chromatographic phase with fastdi®stary phase mass transport properties.

Until recently, the common patrticle sizes to finccommercially available {g columns have
diameters of 3, 5, and 10 um. Columns using pastiof these sizes are commonly referred to
as high performance liquid chromatography (HPLRgcently columns with 1.7 or 1.8 um
particles have become commercially available aecetlise is referred to as ultra-high pressure
liquid chromatography (UHPLC). Smaller particledl wequire higher pressures to force a
liquid through the column and UHPLC columns canatipressures up to 15,000 psi. In gas
chromatography, we observe that the smaller pastiabually have thinner coatings. Note that
for these bonded phases the thickness of the ptitiséhe 1.7, 3, 5, and 10 um particles is
always identical. What does change is the suidaea. A column packed with 3 um particles
will have more surface area than a column of timeeskength packed with 5 or 10 um particles.
This increased surface area leads to an increabe tolumn’s capacity. If the columns are the
same length, the increased capacity will lead ¢oeiased separation of compounds and lengthen
the retention times. The usual approach is tashseter columns with the smaller particles. The
shorter column reduces the analysis time becaese thless volume of mobile phase in the
column. Typically Gg columns packed with 10 um particles are 25 cm;|érgm particles are
used in columns that are 15 cm long; and 3 pmgbestare used in columns that are 3 cm long.
These3x3 columns can have very short analysis times. Aatieg aspect is that they are more
susceptible to fouling by contaminants in the san@Iso, a difficulty with ultra-small particles
involves packing the columns. Finally, the padscheed to have uniform sizes (the smaller the
particle, the smaller the tolerance on the rangeadicle sizes that can be used). A mixture of
particles of different sizes is known as an aggeeg&oncrete is an excellent example of an
aggregate. The problem with an aggregate is tigasinaller particles fill in the voids between
the larger particles, making it very difficult tetga liquid to flow through the bed.

One last thing we could consider is whether statipphase mass transport broadening is more
significant in gas or liquid chromatography. Werd#o be careful here, because it's a somewhat
subtle distinction. What we need to consider ésdlifusion rate of the solute in the stationary
phase. In gas chromatography, we have a gasedasutedissolved in a liquid coating. The
important thing is that it is a dense liquid witmalecule dissolved in it. The diffusion rate is
therefore rather comparable in this stationary pltaghat of a liquid. Of course, a liquid
chromatographic column is at room temperature wdseaegas chromatographic column is
usually at some elevated temperature that is diigimer than 100C. We know that diffusion
rates are temperature dependent, so that theughe to be faster in gas chromatography, and
mass transport broadening in the stationary phagktdo be more significant in liquid
chromatography, assuming everything else is eqlust realize that this is not a 100,000-fold
difference, because the stationary phase in gasmatiography is not a gas, but a heated liquid.
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Mobile Phase Mass Transport Broadening

It's going to turn out that a similar mass transffect occurs within the mobile phase. The
thing to consider here is that we want solute mdéscto encounter the surface of the stationary
phase as quickly as possible so that they can inatedg undergo a distribution between the two
phases.

For example, if we reconsider the picture for nteassport broadening in the stationary phase,
we realize that we want the molecules at the lgpddyge of the mobile phase profile to quickly
encounter and enter the stationary phase, othethésewill move further ahead and broaden the
distribution.

Stationary Phase Mobile Phase

Concentration Concentration

) »
< »

Another way to examine mobile phase mass tran§poadening is to consider a capillary
column as shown below.

Stationary Phase

Flow

The dot represents a molecule that has just lefsthtionary phase and is about to diffuse across
the mobile phase and re-encounter stationary phrasiee other side of the column.

It is helpful to draw a line representing the patithe molecule, and then draw a second line for
the path of the molecule if the flow rate were dedb We could also imagine a situation in
which the flow was so fast that the molecule neeegncountered the stationary phase. This
would be a problem since it's important for the emlle to encounter the stationary phase if we
are to ever have a distribution occurring that $et@da separation of two compounds.
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Stationary Phase

Flow

If we are using capillary columns in a chromatograpic system, what does this observation
above suggest about the desirable diameter for suehcolumn? Hopefully it would be
apparent that a much smaller column diameter wieald to much faster encounters with the
stationary phase. So we want capillary columngeoy small diameter. That is one of the
reasons why the fused silica columns used todggsnchromatography are so efficient. We can
not even see the opening in these columns withdked eye. They really approach the limit of
how narrow we are able to make chromatographidlaaprolumns.

Next we need to ask whether this effect occurs ingacked column. If we think about a

packed column, we should realize that there arésyair interstitial volume, between the
particles that make up the packing. Solute mokscnked to diffuse across these voids to
encounter the stationary phase. The larger the #oe more time it takes to diffuse across, and
the more significant the mobile phase mass trangpoadening. How can we reduce the voids?
If we use smaller particles, they will pack clossgether and reduce the interstitial volume
between the particles. Once again, we see how pardicles offer a theoretical advantage
when compared to large particles. Note that tashappened in every instance when particle
size made a difference. Using a packing materit smaller particles is better, provided we
pack a good column with minimal to no channeling.

Interstitial
Volume
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Another critical question to consider is whether mbile phase mass transport broadening is
more significant in gas or liquid chromatography. To answer this, we need to realize that we
want the solute compound to diffuse across regidmsobile phase as fast as possible. If we
remember that gases diffuse about 100,000 timésr fden liquids, we realize that the impact of
mobile phase mass transport broadening is significéower for gases than it is for liquids. In
fact, mobile phase mass transport broadening imtyst important distinction between gas and
liquid chromatography. Gases diffuse far more kjyiecross regions of mobile phase than do
liquids. That means in liquid chromatography wedhize smaller mobile phase voids to reduce
the magnitude of this term. When Giddings publishis important paper in 1963 on doing
liquid chromatography with the efficiency of gagatmatography, this was a critical realization
put forward in this paper.

What does this mean for practical applications ofiuid chromatography? If we were to try

to perform capillary liquid chromatography, it wduhean that we ought to have columns with
much smaller internal diameters than we use forchasmatography. But gas chromatography
already uses fused silica columns, which esseptiadich the limit of practical internal diameters
(remember, if we reduced this diameter even smallerintroduce a problem of not having
enough sample capacity in the column and would bawery difficult time actually introducing
sample into the column), so capillary liquid chraagmaphy is not a practical method and does
not offer the same advantages of capillary gasrohtography. There are researchers who
investigate aspects of capillary liquid chromat@ima but it is not a commercial method and is
not used widely by practitioners in the field. fas as packed column liquid chromatography,
we have already seen how we end up using very graditles (1.7, 3, 5, and 10 um). The real
value of these small particles is that they redbedanterstitial volume of mobile phase between
the particles, thereby reducing the time requigchiobile phase mass transport. Gas
chromatography can be done with much larger pagibkecause of the much faster mobile phase
mass transport.

The last thing we could consider about mobile phasmass transport broadening is whether

its overall contribution to band broadening dependson flow rate. If we go back to our initial
picture of the capillary column, we know that wentvthe solute molecules to encounter
stationary phase as often as possible. The famstdlow, the fewer encounters, so a faster flow
makes this contribution worse (this is analogouthéoleading edge of the mobile phase
distribution moving ahead more per unit time, thgreausing more broadening of the overall
distribution). If we needed to write a term toigto our equation for h, and we represent mobile
phase mass transport broadening agt& careful not to confuse this witly@e concentration

of solute in the mobile phase that we have usdiBathe term would take the following form:

h=Guv

Notice how the relationship is analogous to whases with mass transport broadening in the
stationary phase.
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Concluding Comments — Peak broadening in Chromatogphic Systems
Can you now draw a generalized plot of h versus fle rate?

We have now developed all four contributions tokpeepadening in chromatographic systems,
compared their significance in gas and liquid chaeitography, and seen how current state-of-the-
art columns have been designed to minimize banademing effects. We can now pull together
all four of the contributions into one equationttheflects overall contributions to peak
broadening. Itis shown below, using one common @faexpressing the eddy diffusion term:

h=AW+BN+GVv+GCGyVv

It is worthwhile examining the overall form of thexpression. First note how the longitudinal
diffusion term (B/v) will become very large at vdow flow rates. Note how the mass transport
terms (G v and Gy v) will become very large at very high flow ratebhis implies that this
equation will have a minimum at some intermedibde/ frate. A generalized plot of this
equation for a gas chromatographic packed colurshasvn below. The general contributions
of the longitudinal diffusion and mass transporie to the equation are also represented. The
optimal flow rate for a gas chromatographic packeldmn is around 15 to 20 mL/minute. A lot
of times people actually run these at higher flates of about 30 mL/minute. The reason for
this is to shorten the analysis time. Some coleffiniency is sacrificed, but the entire
separation process is a balance between chromptogefficiency and analysis time, where
there is a desirability to shorten this if possible

B/v
N X (Cs+Cu)V

10 20 30
Flow Rate (v) (mL per minute)

A similar plot is also shown below for liquid chratography. Notice in this case that extremely
low flow rates must be used before longitudinaludiion becomes a significant contribution to
broadening. This means that the optimal flow fatdiquid chromatographic separations is very
slow, which is undesirable because of the longyasmatimes this would create. Instead, a
common flow rate for a packed gdiquid chromatographic column is in the 1.0 to 1.5
mL/minute range.

B/v
N1 X (Cs+Cu)V
0.5 1
Flow Rate (v) (mL per minute)
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For capillary GC columns, which are more commordgditoday than packed GC columns,
instead of setting a column flow rate you oftenteetcolumn head pressure to a value
recommended by the instrument manufacturer. Bysdidig the pressure of the carrier gas
(usually helium) at the beginning of the columns tihsures an adequate flow of gas through the
column. The desired head pressure depends oartgthland internal diameter of the capillary
column. Longer or narrower columns will requirgter pressures to maintain adequate flow.
One observation is that the pressure of the ggssdrom the beginning to the end of the
column, such that the flow rate changes over thenwo as well. Instead of measuring a flow
rate for a fused silica capillary column in mL/minis more common to measure the carrier gas
velocity (u) in cm/sec. Since this value changewall over the column, an average value is
obtained by dividing the column length in cm by th&ention time in seconds of an unretained
compound.

column length (cm)
of unretained peak (sec)

u (cm/sec) RT

A plot of the plate height versus carrier gas viyoor a column that is 25 m long and has a
0.25 mm internal diameter is shown below. The att@ristic observation of an optimum
velocity as which to minimize peak broadening iserved.
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carrier gas velocity (cm/sec)

Why is the plot different for nitrogen versus heliun as the carrier gas?The key difference
between nitrogen and helium is the viscosity oftthe gases. Nitrogen, as a heavier molecule,
will have a higher viscosity than helium. The reghiscosity of nitrogen slows down the
diffusion rates and increases the contribution obile phase mass transport broadening. Using
helium as the carrier gas leads to improved efficyebecause of the reduction in mobile phase
mass transport broadening relative to nitrogersoAthe yy: for helium is at a higher flow rate
meaning that the analysis time can be shortenéds plot shows that hydrogen would actually
be a better carrier gas than helium. Hydrogearsly used as a carrier gas because of its
explosion risk.
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FUNDAMENTAL RESOLUTION EQUATION

Another important equation in chromatographic safpans is the fundamental resolution
equation. The equation relates the resolutiomvofdcompounds (§ to the number of

theoretical plates (N), capacity factor (k'), aetestivity factor ¢). Appendix | shows the
derivation of the fundamental resolution equati@mnce we would usually be interested in
separating two compounds that are close to ea@rn otla chromatogram, and therefore possibly
not resolved, we usually think of applying this ation when we want to improve the resolution

The interesting part about this equation is thet fossible to examine a chromatogram with
poor resolution, decide which of the three termsaissing the most serious problem, and then
make systematic experimental changes to improveethéts. It is worth examining the types of
experimental changes that can be made to influeack of these terms. Notice that in each
case, making the term larger will improve the rasoh.

N - Number of theoretical plates

One obvious way to increase the number of platesiiscrease the length of the column.
Doubling the length doubles the number of theoa¢fitates. One cautionary note about this is
to consider the square root dependency on the nuofipéates in the equation. Doubling the
column length will double the analysis time, buliwot double the resolution. We would need
a column four times longer to achieve a doublinthefresolution. Increasing the number of
plates will always give better resolution, but thare diminishing returns when the increased
analysis time is considered.

Another thing to examine is factors that influetive band broadening equation. That equation
related broadening to h, and the smaller the valure the more plates in a column. One thing
we could do is optimize the flow rate of the systéie mentioned how it was common to use a
flow rate higher than the optimal one to shortendhalysis time. Slowing down the flow rate
may provide enough gains in efficiency to sepanatecompounds that are not fully resolved.

Another change to make is to use smaller partidlegias chromatography, this will lead to a
thinner coating, improving mass transport broadgmrthe stationary phase. In both gas
chromatography and liquid chromatography, smaltigles will reduce the interstitial volume
and reduce mobile phase mass transport broadeSimgller particles, provided they are packed
well, also will reduce broadening contributionsnfreddy diffusion.
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a - Selectivity factor

The first thing to notice about this term is tHagre are diminishing returns to resolution as it is
made excessively large. Shown below is a chaxtarid ¢ — 1)/a.

o b — )b
1 0

2 1/,

3 2,

4 Y,

5 4

6 5/

Notice that thed — 1)k term approaches a value of 1 at high values @ptimala-values for
most separations are between 2 and 5.

Remember that the-value refers to the ratio of the two partition méents for the two
components. If we wanted to make a substantivagéhana, we need to change the partition
coefficient of one component but not the othenyerneed to change both appreciably but
differently to impact the ratio). There is readlgly one way to do this and it involves changing
the identity of the stationary phase. This wouldoilve using a different liquid phase in gas
chromatography. As we will see, there are manylahe liquid phases for use in gas
chromatography, so changing the nature of thisgphad hence the-values is a common
procedure.

In liquid chromatography, this would mean switchfrgm a Ggto some other bonded phase.
Since the range of bonded phases is more limitddchanges of questionable utility in many
instances, this is not done that frequently. Oiregtyou might wonder about is whether
changing the nature of the mobile phase in lighicbmatography would be viewed as
constituting a change . This is easily done and is the most common wdigjuid
chromatography to improve the resolution of twostabces that are not fully resolved. It turns
out that changes to the mobile phase are geneeglrded as changes to the capacity factor.
Usually this might involve altering some aspectr@ mobile phase so that all the compounds
exhibit a higher capacity, stay on the column longad exhibit better resolution.
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k' - Capacity factor

Similar to thea-value term in the fundamental resolution equatiba,term with k' also
approaches 1 at large values of k'. Thereforeamesay that optimal k' values are also between
2 and 5. Also, larger k' values will always leaddnger retention and analysis times.

k' KI(1 + k)
0 0

1 1,

2 2/,

3 34

4 /s

5 3

Remember that we defined k' earlier in the cousse a

\ Vs
k'=K, (W)

So anything that alters any of the terms of thisagign will lead to a change in k'. As we
already mentioned above, the most common way togeh&' in liquid chromatography is to
alter the constituents of the mobile phase. Thilsclvange the distribution constantKand if
the correct change is made, makda€ger and k' larger. The analog to this in gas
chromatography is to change the temperature. Ribedi

Cs
We could consider what happens to this ratio aseimperature is changed. The stationary
phase is a liquid. The mobile phase is a gasteHtmperatures reduce the solubility of a gas
in a liquid (warm soda will go flatter faster). @imal pollution refers to the reduction in the
concentration of dissolved oxygen gas when warnemfabm a power plant or industrial cooling
process is added to a river or lake. So hottep&gatures will reduce Creduce K and reduce

k'. This would actually make the resolution wor&a by cooling down a gas chromatographic
column, we increase the capacity factor and imptbeeesolution. Of course, this also
lengthens the analysis time, which may be unddsirab

If we examine the volume terms, we realize that difficult to change V4, the volume of the
mobile phase. V is the interstitial volume and is essentially tider a particular particle size.
There is no way to crunch the particles closerttugyeto reduce M. In gas chromatography, it

is easy to alter ¥ the volume of the stationary phase. This wonlaive coating a thicker

loading (e.g., instead of 3% liquid coating, ratse 5%). Changing ¥Yin liquid

chromatography really is not an option since weehaanded ¢ groups and do not coat

different thickness phases. If we change thegarsize from 5 pum to 3 um, and keep
everything else, we do create more capacity ircthemn (because the 3 um particles have more
surface area), but we create more plates as well.
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Consider the following chromatogram. We observe problems with this separation. The first
few compounds come out of the column very quickigl are not fully resolved. The latter
compounds are fully resolved but stay in the coldomlong and are very broad.

S

What problem exists in this separation? If we werenlarge N to improve the resolution of the
first few compounds, we would lengthen the retentime of the latter ones as well, which
would be unacceptable. If we changedt might resolve some of the overlapped constitsie

but might cause some that are already resolvedwoaverlap with each other. We have a
capacity problem (k') in this chromatogram. Thstffew compounds do not have enough
capacity and would benefit by spending more timihenstationary phase. The latter few have
too high a capacity factor and are spending toohntmee in the stationary phase. What we say
is that a chromatogram has a limited peak capadityther words, it is only possible to separate
a certain amount of compounds within a fixed penbtime in the chromatogram. There is only
some number of peaks that can be fit in side by before they start to overlap with each other.

In gas chromatography, there is a way to addresethroblems during the chromatogram so
that all of the constituents are chromatographediatvalue that is more optimal. If we lowered
the temperature during the early portion of theoolatogram, we would raise the capacity factor
of these constituents of the sample and they wstalg on the column longer. If we raised the
temperature during the latter portion of the chrtomgeam, we would lower the capacity factor of
these constituents and they would come off of tiieran faster. This systematic raise in
temperature during the chromatogram is known asmpérature program. Most gas
chromatograms are obtained using temperature prognag rather than isothermal conditions.
The temperature program chromatogram for the samxtim@ is shown below.

UL

There is an analogous procedure in liquid chromrafay that is known as gradient elution. In
this technique, you start with a mobile phase thatses the constituents of the sample to have a
high capacity factor and then systematically vagymobile phase during the run to lower the
capacity of the constituents. The exact natutb@itthanges that might be made to accomplish
this will be discussed later in our unit.
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LIQUID CHROMATOGRAPHIC SEPARATION METHODS

Liquid chromatographs are fairly simple piecesaiipment. There is a solvent reservoir that
holds the mobile phase, a high pressure pump,jection valve, a column, and a detector.

—0
CI) N O O

Injection Column
Solvent Pump Port Detector

Reservoir

Thepumps are usually reciprocating small volume pumps tis& inlet and outlet check valves.
There is a small cylinder with a sapphire pistdime inlet and outlet valves essentially have a
moveable ball in them. When the cylinder is fdlflaid and pushing it into the chromatograph,
notice how the ball in the inlet check valve wilbwe down and block the opening to the solvent
reservoir. Also notice how the ball in the outteeck valve will pop up, allowing flow into the
column. When the cylinder is almost empty andpiséon recycles to fill (this recycle step is
very fast), the ball in the inlet check valve popsand allows flow from the solvent reservoir to
the cylinder. The ball in the outlet check valveuwas down, blocking the hole, and prohibiting
flow back from the column. The flow out of a re@pating small volume pump such as this is
pulsed (when the piston recycles to fill, flow tefged). Many liquid chromatographs employ
some form of a pulse-dampening device to reducsetpalses.

Outlet Check Valve

— (to column)

O ¥~ Inlet Check Valve

\ﬂ/ (from solvent reservoir)
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Theinjection valve is usually a six-port, two-way valve with a samiglep. In one position (the
load position), the flow comes in from the pummtigh one port and goes out another port to
the column. The other two ports connect the sgriadapter to a sample loop and a vent. A
common sample loop size is 20 pL. Usually youdhgbout 100 pL of sample into the loop.
The first 80 pL cleans the loop and goes out time.vé&he last 20 uL are retained in the loop and
ready for injection in the system.

In the second position (the inject position), tleevffrom the pump now goes through the sample
loop and then to the column. Moving the valvehis position allows the mobile phase to sweep
the sample into the column for analysis.

Inject

To Column

»

v

l Vent ) l

Inject

We have already discussed most of the importantrfes of liquid chromatographeolumns
The column lengths are usually 3, 15, or 25 cm déimg on the particle size used. The internal
diameter of conventional liquid chromatographicucohs is 4.5 mm (about ¥4 inch).

Many methods have been useddetectionin liquid chromatography. The most common
detection method is to use ultraviolet absorptiBiuorescence spectroscopy is also used for
certain classes of compounds. More recently peugle figured out ways to adapt mass
spectrometers to liquid chromatographs. The lagdeme of solvent in liquid chromatography is
incompatible with conventional mass spectrometrthads, so these techniques are quite
specialized. Also, micro columns with smaller deers and less solvent are often used with
liquid chromatographic-mass spectrometers. Onaratdge of mass spectrometry over most
other detection methods is that the mass spectramdes information that may allow you to
identify the chemical structure of an eluting compad.
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Steric Exclusion Chromatography

Steric exclusion chromatography is a techniquegbparates compounds solely on the basis of
size. In order for the results of steric exclusseparations to be meaningful, there can be no
directed forces between the compounds being sepibaatd the surface of the particles used as
the stationary phase. Instead, the particles reqeaped with well-characterized pore sizes.

Below is a cartoon of a particle with one poretinAlso in the cartoon are representations for
several molecules of different size (note, the ®ire and molecule size are not representative of
the scale that would exist in real steric exclupbases — the pore is bigger than would actually
occur and the molecules would never have sizek®orider of that of the particle).

Particle

Molecules

The smallest molecule is small enough to fit ehtineto all regions of the pore. The largest
molecule is too big to fit into the pore. The mtediate sized one can only sample some of the
pore volume. Provided these molecules have noaictien with the surface of the particle and
are only separated on the basis of how much gbdine volume they can sample, the largest
molecule would elute first from the column and sineallest one last.

Suppose we took a molecule that was even largarttiebiggest one in the picture above. Note
that it would not fit into any of the pores eithand would elute with the biggest in the picture.

If we wanted to separate these large species, widweed a particle with even larger pores.
Similarly, if we took a smaller molecule than thmeadlest pictured above, it would sample all of
the pore volume and elute with the smallest ontupd above. To separate these two
compounds, we would need particles with smalleepor

Steric exclusion chromatography requires large eammgds, and is not generally effective on
things with molecular weights of less than 1000is commonly used in biochemistry for the
separation of proteins and nucleic acids. It$® alsed for separation or characterization
purposes in polymer chemistry (a polymer is a lag@pound prepared from repeating
monomeric units — polyethylene is a long, linedyper made of repeating ethylene units).

Ho  Hy
H,C==CH, c—c¢C
n

ethylene polyethylene
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One critical question is how to remove the posisybdf an attractive force between the
compounds being separated and the surface of thegpparticles. The way this is done is to
use a particle with very different properties thia@ compound being separated, and to use a
solvent that the solutes are very soluble in. éx@mple, if we want to separate proteins or
nucleic acids, which are polar and very soluble/ater, we would need to use porous patrticles
made from an organic material that had a relatinely-polar surface. If we wanted to separate
polyethylenes of different chain lengths, which aoa-polar, we would dissolve the
polyethylene in a non-polar organic solvent andp@®us particles made from a material that
had a highly polar surface. This might involve tise of a polydextran (carbohydrate), which
has hydroxyl groups on the surface of the pores.

The classic organic polymer that has been usedefmape porous particles for the steric
exclusion separation of water-soluble polymersgs-@olymer of styrene and divinylbenzene.

HC=CH, HC=CH,
HC=CH,
Styrene Dilimenzene

If we just had styrene, and conducted a polymedratve would get a long, single-bonded
chain of carbon atoms with phenyl rings attacheidl thinear polystyrenes are soluble in certain
non-polar organic solvents. The divinylbenzene asta cross-linking agent that bridges
individual styrene chains. A typical ratio of stye to divinylbenzene is 12:1. The cross-linking
serves to make the polymer into particles rathan iimear chains. The cross-linked polymer is
an insoluble material with a very high moleculaiigi. By controlling the reaction conditions
including the amount of cross-linker and rate @icteon, it is possible to make polystyrenes with
a range of pore sizes.

2H HoH HoH HoH HoH Ho g Hp
e H R H R g e el

deeeseee

Hoy HoH HoH HoH Hy H H2
—C—C -G—C -C~C -C—C -C—C -C—C -C—C —
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If we think about what is inside the column, thare four important volume terms to consider.
One is the total volume of the column{}\V The second is the interstitial volume betwden t
particles (V). The third is the volume of all of the pores)VThe last one is the actual volume
occupied by the mass of the material that makdbeiparticles.

It turns out that Yis usually about 0.3 of Mor a column. There is simply no way to cruncé th
particles closer together to reduce this term apabdy.

V| :03\/|'

It turns out that the maximum pore volume that lbammchieved is about 0.4 ofVIf you make
this larger, the particles have more pores tharcgire, become excessively fragile, and get
crushed as you try to push a liquid mobile phasautih the column.

Vp=0.4 W
Totaling this up, we can write that:
Vi+Vp=0.7\W
Since there are no directed forces in a stericusimh column, this means that all of the
separation must happen in one column volume, 06rin/s. If we then showed a chromatogram

for a series of compounds being separated onia stariusion, it might look like that shown
below.

0.3Vr 0.7 Vr
Elution Volume

The peak labeled 1, which has the shortest retetitize (0.3 \f), corresponds to all molecules
in the sample that had a size that was too lardjéitgo the pores. It cannot be known whether
this is one compound or a mixture of large compasunbhe peak labeled 5, which has the
longest retention time (0.77Y, corresponds to all molecules in the sampletiadta size small
enough to sample all of the pore volume. It cafm@oknown whether it is one compound or a
mixture of two or more small compounds. The pdaksled 2 through 4 sample some of the
pore volume depending on their size. The pealédal@ elutes with a retention volume that is
greater than 0.7 % How would we explain the elution volume of tpsak? The only way we
can do so is if there are attractive forces betviemnmolecule and the surface of the particles.
This is a serious problem and we would need to eaihis system and eliminate the cause of
this attractive force.
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Note that this method separates things on the ba#ieir size. What people try to do when
using steric exclusion chromatography is equate with molecular weight. The two
representations for the shape of a molecule sh@hwbpoint out a potential problem with
equating size with molecular weight. One molecsilgpherical. The other is rod shaped. The
spherical molecule probably has a larger moleautaght, because it does occupy more volume.
However, the size of a molecule is determined bgtvidnknown as its hydrodynamic radius.
This is the volume that the molecule sweeps ogpace as it tumbles. If you took the rod
shaped molecule below and allowed it to tumble, would see that its size is essentially
comparable to that of the spherical molecule.

7
’ AN
! \
>
\ /
3 ’
A ’

When performing steric exclusion chromatography geed to use a series of molecular weight
standards. It is essential that these standam®x@mate the molecular features and shapes of
the molecules you are analyzing. If you are anafyproteins, you need to use proteins as
standards. The same would apply to nucleic aoid® particular organic polymers. Shown
below is the typical outcome of the calibratioretition time with molecular weight (always
plotted on a log scale) for a steric exclusion noiu

log(MW)

0.7 Vr
Elution Volume

Note that excessively large molecules never ehtepores and elute together at 0:3 V
Excessively small molecules sample all of the pmleme and elute at 0.71V There is then

some range of size (or molecular weight) wherectimpounds sample some of the pore volume
and elute at volumes between 0.3 and 0:7 Vhe plots that would occur for particles witle th
next larger (dashed line) and smaller pore sizetdd line) are shown below.

log(MW)

0.7 Vy
Elution Volume
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lon-Exchange Chromatography

A second sub-category of liquid chromatographyniswn as ion-exchange chromatography.
This technique is used to analyze ionic substanites.often used for inorganic anions (e.qg.,
chloride, nitrate, and sulfate) and inorganic aai¢e.g., lithium, sodium, and potassium). It can
also be used for organic ions, although this is tesnmon with the advent of reversed phase
liquid chromatographic methods that will be desediitater. Another significant application of
ion-exchange chromatography is as a step in th&gation of proteins. Some of the substituent
groups of amino acids are charged (the total chiamg particular protein is a function of the pH
of the solution), which makes ion exchange a siétatethod for protein purification.

The approach is to attach fixed ionic groups tosiindace of a solid support. One common
support used in the formation of ion exchange s mpolystyrene-divinylbenzene copolymers.
The fixed ions are attached through a derivatimadibthe phenyl rings of the polystryene.
Common fixed ions involve either sulfonate groupg@aternary amines. The aromatic
sulfonate groups are strong enough acids thata*he;deprotonated at all but highly acidic pH

values (pH < 1).
\\ P

Sulfonate group Quaternary amine
Since we must preserve neutrality in such a sydtieane must also be an exchangeable
counterion associated with each of these fixedggoun the case of the sulfonate group, the
counterion is a cation and this isaion exchange resin With the quarternary amine phases,
the exchangeable counterion is an anion and tlasasion exchange resin These counterions

can be exchanged with each other. For exampkewbuld enable you to have a cation
exchange resin in the sodium form or the hydrogemf

o NaT RET

\\ A
Sodium form Hydrogen form

An anion exchange resin could be in the hydroxadenf(OH ) or chloride form (Cl).
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One common use of ion exchange resins is in thendsition of water. It is useful to consider a
scheme using ion exchange resins that would eryabl¢éo deionize water. If for example, we
had water with sodium chloride in it (N&I"), we would need a way of removing both cations
and anions. If we first passed the water throught®en exchange resin in the hydrogen form,
the following change would occur:

+
Na —¢

Addaadadadadi)

Cation exchange resin

Na*CI
—>

H*Cr

If we then passed the water through an anion exygheasin in the hydroxide form, the
following change would occur.

CI-—\ /
H*CI ] - - - - - - - - - - - L_ H0O
¥ »— OH OH OH OHOH OHOH OH OH OHOHOH ——=—

v

ARARRARRARRN|

Anion exchange resin
The H andOH™ given off by the two resins would combine to forrater. Eventually the resin
will fill up with impurity ions (N& and CT in this case), and we would either need to replaee
resin or reactivate it. We can reactivate theoca¢ixchange resin by passing relatively
concentrated hydrochloric acid through it to remaltéhe N& and replace it with H We can
reactivate the anion exchange resin by passin@tivedy concentrated solution of sodium
hydroxide through it to remove all the"@ind replace it witl©H™. To minimize how often we
need to replace these resins or how frequentlyeeel o recharge them, it's best to have resins
with as high an ion exchange capacity as posdibéedapacity is determined by the number of
phenyl rings that have been derivatized with fii@k).

The capacity of ion exchange resins used for deiogiwater is too high for analytical purposes.
Presumably, the concentrations of ions in samplaswe want to analyze are relatively low. If
we use high capacity resins, the retention timdlso@imuch too long. One of the early
impediments to the use of ion exchange as an acellynethod was the lack of methods to
reproducibly synthesize resins with low capaciti€ne of the first groups of people to figure
out a way to do this was chemists at Dow Chemitaley were motivated by a need to measure
inorganic anions and cations at low levels andzedlthat ion-exchange chromatography would
be an ideal method for doing so.

With any chromatographic method, it helps to kn@mse basic rules for predicting retention
order. An interesting example to consider in ion-exchangehromatography is the retention
order for the ions Li*, Na’, and K* on a cation exchange resinOne thing we can consider is
whether these ions have different strength intemastwith the fixed anion in the resin. All three
ions have the same charge. What should also lmeqps that lithium is the smallest ion with
the densest charge, potassium the largest witmdse diffuse or fluffiest charge. We therefore
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might predict that the attraction of the lithiunmitor the sulfonate groups in the resin is the
strongest of the three ions. It turns out thateitpeation for ionic attraction has a distance term
it, and the closer the ions, the stronger the@tom. Lithium being the smallest is effectively
closer to the sulfonate and has the strongestttteaorce of the three for the resin. This would
suggest a retention order with potassium elutirgy,fsodium second, and lithium last.

. Na'
K -
Li
Retention order based on
stationary phase effects
|
INJ

But there is also a mobile phase in chromatogragpdparations, and it is useful to examine
whether these ions have different relative staéditn the mobile phase. If one of the three is
most stable in the mobile phase, it might be exgebttd stay in the mobile phase more than the
others and elute first. What might affect the #itgiof these ions in the mobile phase? The
mobile phase in this separation would be an agugbase. If we consider water, we know that
it is unusual in having a very elaborate networkydrogen bonds. Any ion that dissolves in
water will cause some disruption of this netwoilhe question to consider is which ion would
be the most disruptive of the three to the hydrdgamd network? Since the charges of these
three ions are identical, this decision will bedzhsn the size. The larger potassium ion will be
more disruptive of the hydrogen bonds, and morfecdif for water to accommodate. You could
then say that Liis more stable in the water, stays in the molilese more, and elutes first.

You could phrase this another way by saying thatkthis least stable in the aqueous mobile
phase, and so is “forced” into the resin by the hegtthase and elutes last. Sometimes the
chromatographic literature refers to this as theaghobic effect. The Kfears the solvent and
SO spends more time in the resin. The relativentain order based on mobile phase effects
would be lithium first and potassium last, the éxa@aposite of what was predicted above based
on stationary phase effects.

Li+ Na+
K+
Retention order based on
mobile phase effects
|
INJ

With conflicting predictions, the only way to knamhich one is more important is to inject the
ions and determine the retention order this case, the measurements show that the 'Li
elutes first and the K’ elutes last. The mobile phase effects are more significanteiteanining
the retention order.
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Now suppose we had two ions with exactly the sames but one had a charge of 1+ and the
other a charge of 2+. Examining stationary phédfeets, the equation that describes the
attraction between two ions has the charges of lbothin it. The greater the charge of the ions,
the greater the attraction. We would thereforesekfhe 2+ ion to show greater attraction for the
fixed sulfonate anions and elute later than theoh+

+1
+2
Retention order based on
stationary phase effects
|
INJ

Examining mobile phase effects, both ions wouldehasimilar extent of disruption of the
hydrogen bond network since both have the same ¥i#eat we then need to consider is the
strength of the attraction between the positiveand the sphere of water molecules that
surround it (remember, these cations would be saded by the slightly negative oxygen atoms
of water molecules). This represents an electiiosatraction, and again is dependent on
charge. Therefore the 2+ ion is more stable intaeer and ought to elute first, the exact
opposite of what was predicted based on statioplaage effects.

+2
+1
Retention order based on
mobile phase effects
|
INJ

Faced with conflicting predictions, it's necesstaryerform the experiment and see which
comes out first.In this case, the measurements show that the 1+ i@tutes first, the 2+ ion
elutes second.The stationary phase effects are more importatitis case in determining the
retention order. The likely reason why the staigrphase effects are more significant is that
the 2+ ion can actually bind simultaneously at bagacent sulfonate sites.

/ O SO;,
\,M2+

The likelihood that this occurs can be observedlé@nthanide(lll) ion is added to these resins.

In this case, the resin particles actually shrmkize as the lanthanide ion is added. The reason
for the compression is that the binding of threlosiate groups to the lanthanide causes the
polymer to collapse in a bit to fit these groupsusnd the lanthanide.
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The separation of [j Na', and K described in the prior problem would often be done
polystyrene resin using a fairly dilute solutionhydrochloric acid (perhaps 0.1 M) as the mobile
phase. The bound ions would be sulfonate grouggtemobile counter ion would be thé H

ion. An important issue is how to detect thesesiohhey do not absorb ultraviolet or visible
light in the accessible portion of the spectruniieydo not absorb infrared light. Conductivity

is one possibility for performing the measuremehte conductivity of a solution is a measure
of the extent to which the solution conducts eleityr. Dissolved ions are needed for a solution
to conduct electricity, and the higher the conaian of ions, the higher the conductivity. We
can measure the conductivity of a solution quitesgevely. In fact, this is the reading that is
performed on water that has been purified by pasgagugh a MilliQ water purification device
to see just how well the water has been deioniZdd only problem with trying to apply a

direct conductimetric measurement is that the hgfularic acid in the mobile phase produces too
high a background signal. The chemists at Dow dub developed low capacity ion exchange
resins recognized this problem as well and devaseithgeneous way to remove the conductivity
of the eluent ions (HCI) but retain the conduciwf the alkali ions they wanted to detect.

What they did was use a device callesbppressor column If we imagine measuring Nan a

solution containing sodium chloride (N2, we first start with a cation exchange resinhia t
H* form and would have the following eluting out #ed of the column when the sodium comes

off:
Inject
Sample

aiis8004040

Cation exchange resin

Note that there is still a high concentration oflH@xed with the NaCl as it elutes from the
column. This HCI will interfere with the measurerhehconductivity. Suppose we took the
column eluent and then passed it through an aniohamge resin in the hydroxide form. The
CI™ ion of the NACI~ would exchange with the hydroxide, converting thte sodium hydroxide
(Na'OH™), a conducting electrolyte because it stays iahiZzEhe CT ion of the HCI would
exchange with the hydroxide, converting this intoaddOH™, which is non-conducting water.
We can therefore measure a conductivity that cglgtes to the amount of sodium ion in the
original sample. An analogous scheme, which hactthumns reversed, could be used to
measure the conductivity of anions that were sépdm@n an anion exchange column in the
hydroxide form.

Na'Cl' . _1 OH- OH- OH- OH- OH- OH" OH" OH" OH OH" OH" OH- OH ="\ 9H,
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Eventually, the hydroxide counterions in the suppoe column will all become replaced with
chloride ions and the device would not work anymaorae suppressor column must be
periodically regenerated in the hydroxide form.

Today, instead of using suppressor columns to rento conductivity of the eluent ions,
membrane-based electrolytic neutralization devacesemployed. The electrolysis of water can
be used to generate hydronium and hydroxide iov pg proper design, the desired ion can be
generated in such a way to pass through a membrahsuppress the conductivity of the eluent
ions. In some instruments, similar electrolyti@astgies are used prior to the analytical column
to generate the eluent ions as well. The useig&lhent generation technology leads to less
background conductivity and better sensitivity, mgkit especially useful for the analysis of low
levels of ions.

One other way of detecting the ions, and especaaligns, was also developed by the chemists
at Dow. It involved the use d@fidirect spectrophotometric detection In this procedure, an
anion such as the phthalate anion is used as tirgeroon in the mobile phase. The material is
usually added as potassium phthalate, and maitaina concentration of 0.001 M. The
phthalate ion absorbs ultraviolet light. The backmd measurement in the system then consists

of a high absorption reading of UV light.
COoO

CO,H
phthalate anion

Suppose we were separating @ a sample containing sodium chloride. Drawrobeis the

very end of the column with the chloride ions ie tiesin, just about to elute in the column. At
this point, the concentration of phthalate ion Iagwhe column is 0.001 M. But what happens
when a chloride ion is displaced from the resiexi the column? This will only happen if a
phthalate ion replaces it in the resin. The regriaent that occurs will cause the concentration of
phthalate ion to drop below 0.001 M.

pht o o P pht'

Flow ' '
oht pht pht pht L, Phthalate in mobile phase

? ? 3’) ? ? ? %)— displaces Clfrom resin

In other words, when the chloride elutes from tbkian, what you observe in the mobile phase
is that the total concentration of anions equa@®DM (this has to happen in order to preserve
neutrality in the system).

[CI] + [pht ] = 0.001 M

If the concentration of phthalate ion drops projoorlly to the concentration of chloride eluting
from the column, the UV absorption drops propomibnas well, as shown below. The name
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indirect spectrophotometric detection is aptly @rosince the value of the UV absorption drops
as analyte anions elute from the column.

uv “Negative” Peak

Absorption 4/

The people at Dow Chemical who developed the iahange methods for some analyses they
needed to perform realized that there were othswould want to be able to measure the
same species, and that the device has commerc¢aldtd. A company called Dionex, which is
still the leading vendor of ion chromatographs, wasated to market their invention.
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Bonded-phase Liquid Chromatography

In our development of band broadening, we talkedrestvely about the {g columns that are the
most common in use today. We already mentionede¢la common bonded phases including
those with G, C;, aminopropyl (GHsNH>) and cyanopropyl (€HsCN) groups are also
commercially available. Prior to the introductiointhe Gg columns, thenormal way to do

liquid chromatography involved the use of a potatisnary phase like silica gel and a non-polar
mobile phase. When thedgXolumns were first reported, they constituted a-polar stationary
phase, and so a polar mobile phase could be entbldymce this configuration of polarities of
the phases was thmeverseof what was normally done, the use qf €olumns became known as
reversed-phasdiquid chromatography. Even though today almestgone uses these
reversed-phase methods, the name has stuck.

We have already seen how the deactivation of tHasiwith the G groups has a very positive
effect on the chromatographic efficiency. Anothignificant advantage of using4stationary
phases is that aqueous-based mobile phases arevitis¢dem. Water is the ideal mobile phase
for liquid chromatography because so many subssasu@esoluble in water. Water is the solvent
of the environment. Water is the primary solveiwng systems. Many pharmaceutical
agents need to possess water solubility to engelodllly. Since many organic compounds are
not that soluble in water, organic pharmaceutitas are not water-soluble usually have ionic
groups incorporated into them to render them wsdéuble.

It's rare to use only water as the mobile phasé @iGg column. Instead, an organic modifier
(methanol, acetonitrile, and tetrahydrofuran aeettiree most common) is added in some
amount to the mobile phase. Compared to wateGhbmical properties of the organic modifier
are more like that of the;gphase. The presence of the organic modifier thexeshortens the
retention time compared to a mobile phase thatoméiswater. Raising the concentration of the
organic modifier will further shorten the retentitme of almost all compounds. We mentioned
the concept of a gradient elution earlier in thi when we discussed the problem of having a
limited peak capacity in a chromatogram. Remertiieigoal was to start with a high capacity
factor and systematically change the system sahieatapacity factor got shorter as the
chromatogram progressed. One possible gradieneguve might be to start with a mobile
phase that is 80:20 water-methanol and gradualygh is to 20:80 water-methanol during the
chromatogram. The increased concentration of methaill reduce the capacity factor of the
later eluting components.

Experimentally, it is easy to carry out a gradiedsing two pump heads, one pumps the initial
phase and the other the final phase. A speciahgichamber exists to adequately mix the
output from the two pumps. During the chromatograrcomputer systematically slows down
the pump rate of the initial phase and ramps ugptimep rate of the final phase.

Another important variable with an aqueous mobiiage is the pH of the systemgGilica gel
phases are stable over the range of 2 to 8 (althBug 7 really represents a safer window). If
the pH is too acidic, the surfaces@roups will be hydrolyzed off. If the pH is toadic, the
silica gel itself will decompose. This pH rangeis that can be used to change the nature of
many acids and bases. For example, carboxylisatigH 3 might mostly be in their
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protonated (neutral) form, whereas at pH 7 theylikedy to be in their deprotonated (anionic)
form. Since we would expect the neutral form teehmore solubility in a ¢ phase then the
anionic form, the retention time for most carbogycids would be longer at pH 3 than at pH 7.
If we consider nitrogen bases, we note that at pieg are likely to be in their protonated
(cationic) form, whereas at pH 7 they are likelyowin their deprotonated (neutral) form.
Organic bases therefore would have a longer retemitne at pH 7 than at pH 3. You might also
recollect how we used a similar process to disistgacids and bases in an acid/base/neutral
extraction procedure discussed at the beginnirigisfunit. This is the same behavior and
rationale going in liquid chromatography. Anotigeadient procedure that could be used to
advantage in liquid chromatography is a pH gradient

There is some debate in the literature on liquiditatography about the exact nature of the
separation procedure (adsorption on a deactivaseiffersus partitioning), and whether
stationary phase or mobile phase (solvophobicktffare most important in determining
retention properties. It actually turns out thi#tter one usually leads to the same conclusion as
to retention order, and for our purposes, thinkabgut which compound of a pair has a greater
attraction for the stationary phase is sufficienptedict which will come out first and which
second. We have already examined the two paioswoa$ a function of pH.

RCOOH RCOO

pH = 3 (longerg) pH = 7 (shorterd)
RsNH" RN

pH = 3 (shorterg) pH = 7 (longerg)

How about a comparison of the retention order oidaye andtert-butylpyridine on a reversed-
phase column? If you thought that the presencketett-butyl group on the pyridine would

make that compound more attractive to thedtoups, thereby causing it to have the longer
retention time of the two, you are correct. Intfac all likelihood, there is some preference of
the association of these two compounds withgpBase as shown below. The non-polar portion
of the molecule is likely oriented toward thgs@hase, whereas the polar nitrogen atom is
oriented toward the mobile phase.

Ay Gl
\\ \'I
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And lastly, picking up on another technique we earwith regards to liquid-liquid extractions,
we could ask how we might lengthen the retentioretof organic cations on agxolumn. For
example, there are a series of neurotransmittets & dopamine that are based on aromatic

amine derivatives.
HO CH,CH,NH,

HO .
dopamine

Dopamine and other similar derivatives may welpb&onated under the separation conditions,
and because of the protonation, have short retetitices that do not facilitate the separation of
the similar analogues. Can you think of a wayetggthen the retention time that does not
involve adjustment of the pH? A way to do thisasadd a “greasy” anion such as
heptylsulfonate to the mobile phase (note, sinteishadded to the mobile phase the anion is
continuously pumped through the system).

C,H;5SO35 = heptylsulfonate

One way to think of this is that, just like in ligdliquid extraction, the sulfonate anion can form
an ion pair with the cation and the ion pair wolédve more solubility in a {g phase than the
cation by itself. An alternative way to view thsgsthat some of the sulfonate salt distributes into
the Gg phase as shown below. This serves to createugpsen exchange material that the
organic cations are attracted to. Detailed stuldéga® shown that the latter mechanism (pseudo
ion exchange resin) is the one that actually opsrat

One other important category of bonded phaseswegdhe attachment of optically pure groups
to silica gel. The compound dinitrobenzoyl-L-leueiis one example of such a phase. These
types of phases are used for the separation otiensars.

NO,
O O
/7 N\
HO—C C
\ /
HsC H/CIII--NH
CH—CH, NO,

C
Dinitrobenzoyl-L-leucine
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The distinction of enantiomers is analogous todisénction that would occur if you considered
putting your feet into only one of your shoesyadii put your left foot into your left shoe, it feel
fine. If you put your right foot into your left sk, it does not fit quite as well, and even in the
dark, you would notice that something isn’t righitwe expressed this as a reaction with an
equilibrium constant, we could say that the assriaof your left foot with your left shoe is
higher than the association of your right foot witiur left shoe. If we had bonded the left shoes
to silica gel, your right foot would elute fasteorn the column, your left foot slower. The
compound pictured above has a number of groups#matorm intermolecular interactions with
enantiomeric solutes. The amide functionality ste with dipoles and the potential for
hydrogen bonding. The electron-deficient dinitnobayl ring can undergo what is known as pi-
stacking with electron-rich aromatic rings. Thehistyl group of the leucine provides steric
hindrance. Other chiral liquid chromatographic gdsare designed to have similar groups that
provide sites for intermolecular attractionstacking, and steric constraints.
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GAS CHROMATOGRAPHIC SEPARATION METHODS

A gas chromatograph typically has a carrier gais gommon to refer to the mobile phase in gas
chromatography as the carrier gas since the mphése has no influence at all over the
separation — its only purpose is to carry the sslthrough the column), heated injection port,
column in a heated oven, and detector.

Thecarrier gas must be inert and helium or nitrogen is used foshgas chromatographic
applications. Sample injection is most commonlgoaeplished through the use of a small-
volume syringe (1L is a typical injection volume). The liquid saraps injected into a hot

zone that is sealed with a polymer septum. Thiaggmierces the septum, and on injection the
liquid sample is flash-volatilized in the heategkation port and flushed into the column by the
carrier gas. With fused silica capillary columhsgL of liquid sample will overload the column
so the injector is designed with a splitter. Adijug the flow of the splitter gas allows you to
calibrate the split ratio. Ratios of 50:1 to 100ohly the one part is injected) are common. Most
injection ports of this type have glass linersffé@ent glass liners are inserted under the septum
depending on whether you are doing split or spitlajections.

Another gas chromatographic injection techniqué thased in certain applications involves
thermal desorption from a polymer trap. The technique can be illustrated below for the
analysis of organic chemicals in air. Assume Wrahave a small piece of tubing filled with a
polymer. The polymer is a material that organieraficals will adsorb to. Water in the air will
pass through unretained. A polymer that is uséie dquequently for this application is Tenax.
Tenax is g-polyphenylene oxide polymer that is stable at \egh temperatures. In the
adsorption step, we use a pump to draw some lavigene of air (this might be as high as 15
liters of air) through the Tenax trap, which ischat room temperature. The organic chemicals
from the air will adsorb onto the polymer.

Air (organics, water)

|

Water
— Pump

— —in

p-polyphenylene oxide
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The organic chemicals can be desorbed from thexTeap by heating the gas under a flow of
helium. The illustration below shows how the Tetay is desorbed in a backflush mode (the
end that had the higher concentrations of orgamérgcals is put closer to the gas
chromatograph). Switching valves comparable toidiqchromatographic injection valves make
it easy to redirect the flow of gases through thBsmeax traps between the adsorption and
backflushing orientation.

Helium
_—

A

Desorption might typically be done at a temperatafr225C over a period of five minutes. One
thing to realize is that we would never be ableterate a five-minute injection of a sample,
since this would mean that all of the peaks mighab long as five minutes. It is essential to
maintain a “plug” injection, which is achieved thetmal focussingThermal focussingis
accomplished by cooling a region in the injectarifoolder gas chromatographs, the entire
oven) to a temperature of &0 This cooling is accomplished using either liboarbon

dioxide or liquid nitrogen. At -5, the organic compounds that desorb from the T énagx
freeze in a small band at the head of the coluRapid heating of this frozen band injects the
sample at a comparable rate to a normal syringetion.

Sorbent traps are frequently used for the anabfdiiace levels of volatile organic chemicals in
water as well. In this case, the method is knogsva purge and trap technique. A sample of
water is taken (usually 5 mL — too large to evggchinto a gas chromatograph) and purged with
helium gas. After exiting the water, the heliuns §laws through a Tenax trap. The helium gas
bubbling through the water displaces the dissolx@dtile organic chemicals, which adsorb onto
the Tenax trap. The Tenax trap is desorbed asided@bove for the analysis of volatile
organic chemicals in air.

He
—>

§
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Information on a variety of commercially availalgi@s chromatographic stationary phases is
shown below. The distinction between differentistaary phases is based on a comparison of
their polarity. Five different compounds are tygig used to represent different types of
functional groups. Individual indices for thesesficompounds are measured, and a composite
value (P) is determined as well. These polaritdiaes are referred to as Rohrschneider
constants. The higher the number the more podaplfase. In reality, a sampling of four or five
stationary phases would be good enough to sparatige of polarities that is needed for gas

chromatographic separations.

Rohrschneider Constants for Gas ChromatographigidliBhases

Liquid phase

Squalane

Apiezon L

SE-30

OV-1, methyl gum

OV-3, 10% phenyl

OV-7, 20% phenyl
Dioctyl sebacate

Dilauryl phthalate
Dinonyl phthalate
0OV-17, 50% phenyl
Versamid 930

Trimer acid

OV-25, 75% phenyl
Polyphenylether

Triton X-305

Carbowax 20M
Carbowax 4000

Reoplex 400

Carbowax 1540
Diglycerol

EGSS-X

Ethylene glycol phthalate
Diethylene glycol succinate
Tetrahydroxyethylenediamine

Hexakis(2-cyanoethoxycyclohexane)

N,N-bis(2-cyanoethyl)formamide

Max T
°C

100
250
300
350

350

350

125

150

375

150
150

350

225
200
225

200

200

175
100
200

200

200
150

150

125

xl

0
32
15
16
44
69
72
79
83
119
109
94
178
182
262
322
317
364
371
371
484

453
496
463
567
690

0
22
53
55
86
113
168
158
183
158
313
271
204
233
467
536
545
619
639
826
710

697
746
942
825
991

z U’ S' P
0 0 00

15 32 42 29
44 64 41 43

44 65 42 44

81 124 88 5 8
111 171 128 118
108 180 123 130
120 192 158 141
147 231 159 161
162 243 202 177
144 211 209 197
163 182 328 218
208 305 280 235
228 313 293 250
314 488 430 392
368 572 510 462
378 578 521 468
449 647 671 550
453 666 641 554
560 676 854 657
585 831 778 678
602 816 87@88
590 837358 701

626 - 389731

71878 901 797
858110 1000 929

X' = benzene; Y' = butanol; Z' = 2-pentanone; Witropropane; S' = pyridine

P=(X'+Y'+Z +U +9S)/5
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If we considemwhat governs retention order in gas chromatographythere are two important
parameters. One is the volatility of the compouwwith the observation that more volatile
compounds (those with a higher vapor pressurevegidoiling point) elute first. The other is
the attractive forces between the compound andtdimnary phase. If we consider the
homologous series of alcohols listed below, itteiasting to note that the boiling point goes up
by approximately 2XC for each additional methylene group {Hh the chain. The increase in
boiling point with each additional methylene grasa little higher for the series of alkanes.
The alcohols have higher boiling points than theesponding alkanes because they can
hydrogen bond with each other.

Hydrocarbon Boiling Poinf’C) Alcohol Boiling Point {C)
Pentane 36 1-Pentanol 137
Hexane 69 1-Hexanol 157
Heptane 98 1-Heptanol 176
Octane 126 1-Octanol 196
Nonane 151 1-Nonanol 215
Decane 174 1-Decanol 231

If we consider a homologous series, it turns oat the boiling points are actually determined by
the molar volumes of the molecules. Just as wergbd with the size of molecules in steric
exclusion chromatography, the molar volume of agowle is the volume swept out by the
molecule as it tumbles. Molecules with larger met@umes have higher boiling points,
provided the molecules being compared have iddntitermolecular forces (you cannot
compare hydrocarbons to alcohols). An interestmmparison is observed by looking at the
boiling point ofn-octane andso-octane (2,2,4-trimethylpentane).

CH; CHs
CH3CCH,CHCH,4
CH3CH,CH,CH,CH,CH,CH,CH; lH3
n-octane (bp = 12€) iso-octane (bp = 9&)

The branchedso-octane would have a smaller molar volume tharitigarn-octane, and this is
clearly reflected in the boiling points of the t@ompounds.

When predicting retention order in gas chromatdgyathe overriding factor is a comparison of
the boiling points. The compound with the lowesilihg point will elute first. Only when two
compounds have very close boiling points (withi@ Br less) does it become important to
consider the polarity of the compounds relativéht polarity of the stationary phase.
Remember that like dissolves like, so a polaratatiy phase will show more retention of a
polar compound. The Rohrschneider values are taseéetermine the polarity of the stationary
phase.
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Detection Methods

As mentioned previously, highly sensitive detectioethods were developed for gas
chromatography in the 1950s and 1960s that fagtitéds use as an analytical method.

One of the most useful detection methods is knosvineflame ionization detector (FID). The
flame ionization detector is highly sensitive andalves burning the sample in an air-hydrogen
flame. Molecules with a CH bond will form Chbns in the flame, and these are measured using
a negatively charged collector above the flame.elihese positive ions strike the negatively
charged collector, a current proportional to theant of ions is measured. This detector is
essentially universal, as it is able to measurergthnic compounds. It is not sensitive toward
compounds like water and carbon dioxide, whichdisaaitageous.

Another important detector in the development &f garomatography is thieermal

conductivity detector. This is a universal detector, but not nearlyeassiive as the FID. A
resistance circuit called a Wheatstone bridgeeslud he bridge has two halves, and the
resistance of these halves is compared. Instruvatit a thermal conductivity detector need
two matched columns. One column has only carasrfipwing through it. The other has

carrier gas and sample. Changes in the thermalumbirity of the gas change the resistance
reading over the Wheatstone bridge. Some repasenvalues for themal conductivities of
gases are listed below. The value for butanepiesentative of most organic compounds. Since
we need to measure a difference in thermal condtyGtive need a carrier gas with as different a
thermal conductivity as possible from most orgammmpounds. This would suggest the use of
hydrogen gas as a carrier gas, however hydrogew isiuch of an explosion risk for this
purpose. Helium is therefore the carrier gas ofiah Thermal conductivity detectors tend to be
used on less expensive pieces of equipment likgaeeehromatographs used for the analysis of
the purity of compounds prepared in organic cheamisstructional labs.

Thermal conductivity values: Hydrogen 471
Helium 376
Nitrogen 66
n-Butane 43

One of the most important gas chromatographic tateever developed was takctron

capture detector. This device, which is illustrated below, wasented by James Lovelock, a
British chemist. The device has a radioactive (iglually containing tritium or radioactive

nickel) that emits beta particles. Beta partieeshigh-energy electrons emitted by a nuclear
decay process (a neutron decays into a beta aaiicl a proton). The opposite side of the
device is positively charged so the beta partistesam across the tube. As the high-energy beta
particles strike carrier gas molecules (usuallgeginitrogen or an argon/methane mixture), they
create a cascade of lower energy electrons, whanokrmgte a current that can be measured. If we
had a compound coming out of the gas chromatogtegitcould capture some of these low-
energy electrons, the current would drop. The dnagurrent can be related to the concentration
of electron capturing compound in the sample. VWhaspecially impressive about this detector
is the level of sensitivity that can be achieveddertain classes of compounds.
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Eluent

Beta Emitterf  “a__,| Collector
-) L > T—>  (+)

What types of compounds ought to have the abuityapture electrons? Remembering back to
your knowledge of periodic properties, you shouleldict that halogen-containing compounds
(compounds with a chlorine, fluorine, or bromineraj ought to be very effective at capturing
electrons. What are especially significant aredsses of compounds that contain halogens.
These include the following (with their respectagplication or concern):

* Chlorofluorocarbons (or freons) — ozone layer desion

* Chloroform — potential carcinogen formed in drinkivater from water
chlorination

» Dioxin — by-product of combustion and certain inttia$ processes

» Chlorinated pesticides such as DDT

» Polychlorinated biphenyls — used in electronic desi(transformers)

These are only some examples, but they form amsixie array of compounds of environmental
significance. The invention of the electron captdetector facilitated the discovery that freons
were making their way to the stratosphere and tepiti the destruction of the ozone layer.
Without this detector, this discovery would haveiéelayed by many years.

Mass spectrometric detections especially important because it provides infdramathat can

be used for compound identification. Most gas ofatograph-mass spectrometers (GC-MS) use
fused silica capillary columns, and the columnueffit can go straight into the mass
spectrometer. What happens in the mass spectromébtat the column effluent is bombarded
with a high-energy beam of electrons. As thesetelrs strike the sample, they generate ions.
These can be anions or cations, but most massepeters are designed to draw off only the
cations for analysis. Usually almost all the casithave a +1 charge. If we consider the
molecule shown below, which is known as acetophenae can illustrate what will take place
(three functional groups within the molecule atgelad A, B, and C.
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If an electron struck this molecule and knockedané other electron, we would have the entire
molecule with a +1 charge. This ion is referreésahe molecular ion, and we would show this
as ABC. It's usually very desirable to have a molecigarin the spectrum. The other valuable
observation in mass spectrometry when you useemtreh beam for ionization is that you get
fragment ions as well. Fragments we could get ftoisiare listed below, along with their
masses. Actually, what is really measured is thesito-charge ratio, denoted as m/e. If all of
the ions have a charge of +1, the mass equals dlss-tno-charge ratio.

lon m/e
ABC' 120
AB' 105
AC’ 92
A 77
BC 43
B 28
(of 15

A good question to ask is whether we would ever’ggt as a fragment? This would require an
intramolecular reaction to take place. This dceggplen with some molecules, but not the one we
are using as an example. Similarly, it might beywalikely to get a Bion, which would

require the loss of two groups. If you were torakee a book on reaction mechanisms that
occur in a mass spectrometer, you would noticeithvaduld look very similar to an organic
chemistry textbook. The two things we observéa tifferent fragments have different
weights, but they also have different intensitiEsr example, if a molecule has a good leaving
group, it will tend to leave in the mass spectr@neDepending on which fragment is more
stable as a positive ion, the relative intensityhef two ions will vary. The most intense ion is
given a value of 100 and the intensity of each b is reported relative to it. A possible mass
spectrum for acetophenone is provided below. Wagth noting that there will be many more
ions in the spectrum than these. For one thingope effects show up. It turns out that 1% of
all carbon is carbon-13 so one out of every hundnetécules weighs one more (meaning that
we will see a small peak at m/e = 121). Note thatmass spectrometer does not measure an
average molecular weight based on isotopic aburejdmut the exact weight of each ion. For
another thing, the molecule might lose a hydrogemaand show a fragment with a mass of
119.

100 - A (77)
AB” (105)
BC" (43)
Intensity
50 - ABC" (120)
C" (15)
O T T T T T T T T T T T T 1
O 10 20 30 40 50 60 70 80 90 100 110 120 130
m/e
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Notice how we could use these masses to deternpossable molecular formula for the
compound, and the masses of fragments to deteqposble groups that are found in the
molecule. The compound below has the exact sanhecmiar weight (120), but you might
appreciate that it would probably have a diffemaaiss spectrum.

Ho H
C —C—H

Mass spectra are relatively difficult to interpagid to assign an unequivocal structure to. What
is usually done instead is that the mass spectarmatith a GC-MS come with a library of
spectra of known compounds. The computer will camgaur measured mass spectrum to
those in the library and report the ten best matchge top match does not confirm the
assignment. To do that, you would need an autheatple of that compound and would have
to show that it has the same retention time andmspsctrum on your instrument. With those
two matches, you can be assured that you haveafiddithe compound. GC-MS is commonly
used for drug testing at sports events like tharigs.
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Appendix I: Derivation of the Fundamental Resolution Equation

Re— 2(t, — 1)
STOW + W,
W, =W,
W =4c
Re = 2(, — 1) _b—
S 802 402
t 2
TR
S)
th — 4
RS = t
4<_2>
VN

w5

Ve

CmVm
CmVm + CgVg

CmVum
CmVm 1

=)= (9)0 -3

Write an expression for the fraction of materiathe mobile phasep(y):

MTCyVy . GVs Tk

CuVm  CuVu

Express the average migration velocity of compo2ent

Vs, = OV

(where v is the mobile phase velocity)

8) _L
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to to

2= — | = —

(PM2 (PMI

t t
=0 §= o
() (ve)
t) = to(1 +ky") t; =to(1 +k;")

tp to(l+k) 1+k
t, to(1+ky) 1+ko'

Substitute (14) into (4):

VN 1+k;'
Re= () (1 - L2k
4 1+k,

Consider the{l — %) term:
1+k _ (l+k'  1+k
O_l+bj_<Hk5_l+b>
k' K
14k
)
1+k
(@) k(@)
( )(1+k2) —2) +k,")
— k2
_<1+k2
a:_Z
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Substitute (15f) into (15):
B \/N a— 1 kz'
= (7)) )

Relationship to retention time:

L . L
V = e— T e—
S, 6 2 vs,
(] (16)
Vem Y T T3
L
H=— L=HN
N
= TN * k) (17)
\"

Rearrange the fundamental resolution equationlt@ gor N:
21 +ky!

_ 2( @ 2
N=1ers (=) ()

C(16RZHY o \2((1+k;)? (18)
- ()6 (o)

2

75



