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History:

Gas chromatograrhy hces develored into one of the
most powerful analytical tools available, with the
separation and determination of mixtures as 1its major
arrlication. Gas chromatosrarhy, however, has btecen
uscd to determine thermocdynemic constents and physical

10,11 In the

rrorerties by two distinct approaches.
first case, the phenomena under study takes rlace out-
side the chromatograrhlc system, and the chromatograrh
i1s used a2s a convenlent 2nalytical tool. Seccondly,
with the develormecnt of the theory of gas chromato-
grephy, 1t btecame evident that the direct measurement

of thermodynamic constants and rhysical propcrtles was

rossitle.

The conposition of the vapor over a solutieon as a
function of solute concentration and temrerature hes

25

been determined by gas chromatosraphy. A samrle of
the varor above the sclution was introcduced into a gas
chromatograrh where the components were serarated and
determined., The partition isotherms of the systems

studied have been deterrinced bty rereating the experiment

with varled paraneters.

The solubility of hydrocarbons in water hzs teen
determined12 by prassinz hellum carrier gas through a

¥nown volume of a hycdrocarton saturated aqueous solution



directly into the chreomatograrhic column. ‘ater was
removed from th=a gas stream by a drylne tube, and the
remaining hydrocarbon passed to the detector. The re-
sults obtalned were in good agreement with spectrorhoto-

metric measurementec.

The heat of vaporization of gcasses and liquids

8,14 A buld

has been measured 1n the following way.
containing the sample was connected to a bypass samp-
ling system of known volume. The bulb and sazpling
system were thermostatted, and the samrle was allowed
to equllibrate with the rreviously evacuated bypass
systemn. The saxnrle in the fixed varor volume was then
rassed through the column and deternmined quantitatively
at the detector. The heat of vaporization was calcu-
lated using the Clazuslus-Clareveron equation. For

this technigue, samples must be pure, and the compound

studled must obey the Clausius-Clapeyeron eguatlon.

The direct cdetermination of thermodynarmic and
rhysical quantities by gas-liquicd chromatography has
been cone bty treating the interaction of the samrle and
statlionary licuild in the column as the solution of a
gas in a liquid. The equations which describe the dis-
tribution of a vapor between the gas rhase and the solu-

tion are thus aprrlicable, These are comblined with the



equation which relates retention volume and the parti-
tion coefficlient for a chromztograrhie system.9 The
heat of solutlion, heat of mixince, activity coefficilent,
partition coefficient, and several other quantities
may be calculated directly from gas-licuid chromato-

grarhic data.lo

The partition coefficient was first determined by
Porter, Dezal, und Stross.23 A number of columns were
prevared, ané the parameters such as the flow rate of
carrier gas, welght of liguid rhase in the column, dead
volume, etec. were known accuretely. The retentlon
volumés were corrected for pressure dropr across the
column. No coxparlison tetwecen the results published
in this pzrer and previous measurements were made, but
values for the rartition coefficlient were of a reason-
able value, Further investigatlon has shown the arrroach

of FPorter, Deal, and Stross to be velia,10»11

The rartition coefficient 1s directly rroportional
to the Henry's Luw constant, so solubilities may be
calculated from gas-ligquid chromatograrhiec data. The
solubllity of benzene and cyclohexane in di-n-nonyl
phthalate was determined by gas-liquid chromatograrhy
enéd found to be 1n excellent agreement with conventional
measurements.18 More recently, the solubilities of
group III, IV, ancd V hydrides were measured by Devyatykh,

24
et.al. using water as the statlionary liculd phase.



The rarameters of the system were known accurately,
and the results for the solubllitlies were in very good

agreement with previously published values.

It can be seen from equation 15 that the molecu-
lar welcht of the stationary licuid may be measured
if all of the other wvalues in the eguation are known.
Mertire and Purnell16 determined the molecular welzhts
of threc 1liguids of molecular welght arrroximately
300, 4C0, and 1200 resvectively with good results and

deronstrated the possitility of usins gas-liguild

chromatograrhy to maoke this measurement.

Rearrangement of equation 15 ylelds an exrression
for the activity coefficlient in terms of measurable
quantitlies. The measurcement of very large or very
stall activity coefficients may be mace conveniently
by this technique. A very larce activity coefflicient
would be difficult to measure by conventional techni-
ques because the solubility would protably be extremely
low. In cases where results from gas-liquid chromato-
grarhy may te compured with vreviously putlished re-
sultzs, there 1is excellent agreement.lg’ge The measure-
ment of actlivity coefficlents by gas-liquid chromato-
erarhy 1s sufficlently relicble that 1t has been
13

surcested as an undersracucte exreriment.



Muhs and Welss determined the forratlion constants
of silver-olefin comrlexes in ethylene glycol using
gas chromatography.l5 The partitlon coefficient of the
olefin with pure ethylcne glycol was first determined.
A solution of silver nitrate in ethylene glycol was
made and used as the stationary liguid 1n a chromato-
graphic column to determine the partition coeffilcient
between the solutlon and the varor phase. Since the
concentration of silver nitrate in the ethylene glycol
was @own, the formctilon constant for the complex

could be calculacted,

The change in partition coefficient or retention
volume with temperature for a gilven system allows the
calculation of additionsl constants. It has becen pre-
dicted and found experinentally that when the log of
retention volume for a solute i3 rlotted against reccep-
rocal temperature that a straicht line is obtained.9
The slope of this 1line is the hezt of sclution divided
by 2.303R. By determining exrverimentally the retention
volume as a function of temrerature for a given solute-
solvent system, the heat of solution of the solute may
be calculated. The heat of solution is composed of
two terms, the heat of condensation and heat of mixing,
If the heat of vaporization of the solute 1s known, the
heat of mixing may be obtuined ty difference. However,

1f the solute zndéd solvent form an 1dezal solution, the



heat of mixing 1s zero, whereupon the heat of solution
equals the heat of vaporization.l This possibility
for measuring heat of veporization, however, 1s essen-

tially restricted to hydrocarbtons.

Vapor pressure as a function of temperature and
the toiling point of the solute may te determined by
an extention of the above., Hoare and Purnell1 found
that under the proper conditions, some famllies of com-
pounds huve a coumon log retentlion volume-log vapor
rressure plot., The retention volume eas a function of
vapor pressure woas measured for one member of such a
series, and the rectention volume as a function of
temrerature was measured for another compound in the
gserlies., The varor pressure as a function of tempera-
ture and the bolling roint were calculated for the
second compound. Dezta were obtalined for n-paraffins
and n-olefins, and results were in gcod agreement with

prcviously published results.,



Theory:

When a vapor is dissolved in a 1liguid, the rartial
pressure of the varor over the solution, Pp, 1s given
by Roults Law:

(o)
(1) Py = P, B X,

PZ is the vapor rressure of the pure solute, B the

activity coefficient, and XA the mole fraction of the

solute in the solution. The mole fraction of the solute

may be expressed by the equation.
(2) X,= _"a
A Y, @

A B

If the solution is very dilute in component A, then
- N
(3) X, =_A
B

It Vg is the molar volume of the solvent, equation 3

may then be written:

1l m
() x, = Na .v® _ oV
A B A'B

s

The partial pressure of A in the vapor phase may be
exrressed by the 1ldeal gas equation:

v
(5) F, = SART _ clrr
v

Va

Substituting equations 4 and 5 into 1,
v (o} 1
(5) C,RT = P} BcAvg
Rearranging:

0y _FT c

7 = - X
0 @ v

PA B CA A




KA 1s the distribution coefficient of component A

between the solution and the varor space over the
solution. A Clauslus-Cleapeyeron tyre equation for the

varorization of comronent A from solution 1is:

ARg
RT

&C

(8) BPX = e =

AHS 1s the heat of varorization of component A from

solution. A constant (a) is defined as:

(9) a = AHg

B HV

AHV i1s the heat of varorization of pure A. For com-
ponent A the Clausius-Clapeyeron ecuation is:

AH
(o} v
(10) By = e- —r—e
Combining equations ¢ and 10:

C'

o _ o\a
(11) B, = (By)
Equation 7 may then be written:

(12) K ®
(B )2vE

For a gas-1liguid chromatographic system, the
interaction of the sample vapor with the statlonary
liquid 1is simply the solution of a gas in a 1liguld. The
equation

(13) Vg = KV, +V

1 d

gilves a relationship between the retention volume and

the distribution coefficient.23 Vl i1s the volume of the



liquid rhease, and Vd 1s the dead volume in the chroma-

tocraphic system., Combining equations 12 and 13:

() RTVy RT N©
14) vy = v, = +y
R “(ojem | 'a
(pQ)ayn (29)*® d

Nl is the number of moles of the statlonary liquid in
the column. If the retention volume 1s corrccted for
dead spcce,

RT N1

(15) vz = 3% =

T is the temperature when the solute passes through the
column, and P° 1s the varor pressure of the pure solute
at temrerature T. If F is the flow rate of the carrier

gas and tR the retention time, then

RT N*

(16) Ftp = R

The flow rate measured at ambient temrerature must be
corrected to give the flow rate at the column tempera-

ture.3 Then: 1
. ™ RT N
(17) tRFa Ta = (PO) a

Ta 1s the ambilent temperature and Fa 1s the flow rate

messured at thls temperature. Cancelling like terms and

rearranging: 1
_ RT, N
(18) g~ woyeR,

The usual correction of retenticn volums for rregssure

4

érorp across the column need not bte made. The reason
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for this will te ciscussed shertly. Takingz the log-

arithm of toth sides of ecuation 18:

o RT, N
(19) log tg = =-a log P + log—F;—
Substituting equation 10 into 19:
a AHy RT, N
(20) logtg = —— +C + log ——
2.3RT F,

- w1
RT N
The term C + log —p— mey be easily held constant.
a

A rlot of log retention time versus reciprocal

v

[o]]

terrerature should yiezlé a straicht lince of slope

(

;T3ég! if data are ottained for retention time as a
function of column temrperzture. The constant (a) has
been found exrerimentally to be the same for each member
of a homologous series.l If the heat of vaporization

is known for one member of the serles, the heat of

varorization of other members may be calculated from

retention time-temprerature data,

As indicated vreviously, the retention time was
not corrected for rressure drop across the column.
Since the change in retention time with temperature 1s
of interest, multiplying the right side of equation 18

by a constent will not change the result.
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Experimental:

To verify the equations derived above, retention
time-temserature d-ta were found for =2 number of homo-
logous serles of organic liguilds. To obtain reliable
data, the flow rate of carrier gas through the column
and the column tewmperature had to be controlled pre-
cisely. The F&M Model 810 gas chromztograrh (Eewlett-
Packard, F & M Div., Avondale, Pa.) was found to be a
sulta®rle instrument for the study. The temperature 1n
the column comprartment was measured with a mercury
thermometer accurate to .1°C. After temperature equi-
librium hed been egstablished In the column compartment,
the temperature was found to vary less than .1%. a
flow rate of arrroximately 40 ml/minute of Helium
carrier gas wus used, and the chenge in flow rate with
tesperature was found to be less than .1% for a 20°¢C
change 1in column temperature. At constant temperature,
no mecasurable change in the flow rate was observed.

The flow rate was measured with a soap bubtle flowmeter.

The column packing was prepared in the following
way. Gas Chrom Q (Applied Science Labs, State Collere,
Pa.), an acld washed, silanized, diatomaceous earth
solid suprort was welghed accurately. The desired

quantity of llcuid phase was weighed and dissolved in a
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suitable solvent. The solid suprort and the solutlon
were put into a ribbed round bottom flask, and the
flask was rotated as the solvent was removed under
vacuum., The sidecs of the flask were washed down wlth
the solveant, and the additional sclvent was removed
in the same way. The solié was then assumed to be
coated uniformly with the 1ligquid.

The Gus Chrom Q was 100-120 mesh, and 1/4 inch cop-
per tubing was used for the column. A 4-foot column

packed with 25% squalane (Eastmun Oreanic Chemicals) on

the so0lid suprort and a 5-foot column with 15% diisode-

cyl phthalate (Eastman Organic Chemicals) packing were
made. The dead space in the instrument and column had

to be determnined since the column dead volume 1s not con-

stant with temrerature, and erroneous results would be

obtained if theése terms were neglected. The usual pro-

cedure for dead time correction 1s to measure the time

between the emercence from the column of a compound not

retained In the column and the emergence of the compound

of Interest. Methane was iIntroduced with each sample

since a flame lonization detector was used. This is the

lowest bolling compound which will give a2 response with

the detector used, and was found to be suitable, based on
the following. From the retentlon time-temperature te-
havior of pentane, it was calculated that methane would
be retained onlv 2.5 seconds at 40°C. More imrortantly,

the change in retention time of methane with temperature
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In the range of interest would be of the order of one
second for a lCOOC‘temperature change. No significant
error was introduced into the results by assuming the

retentlion time of methane to te essentially zero.

Retention time as a function of temperature was
measured for n-paraffins, haloalkanes, ethers, and
acetate esters using the column contalning squalane,
The n-alcohols were studied with the dlisodecyl phthal-
ate column because the retention time of the alcohols
on the squalane column was toco short for accurate data
to be obtained. It also was of interest to see 1if the
ecuations derived atove could be arrlied when the

statlonary liquid was somewhat polar.

For each compounc, the retention time was measured
at at least four temperatures from arproximately 10
degrees below the boiling roint to arrroximately 10
degrees above the bolling roint. The heat of varoriza-
tion at the bolling point was then calculated, and

could be compared with previously putlished values.

The liguids to te measured were put in small vials
and storrered with a rutber septum. After standing for
several hours, five microliters of the varor zbove the
liquid were withdrawn into a Hamilton ten microliter
syringe. Arrroximately one microliter of natural gas

was withdrawn from another container, and the contents
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of the syringe were injected into the chromatographic
column, A storwatch was used to measure the time

betwecen the peak recorder resronse for mecthane and

the sample. All measurements were macde in durlicate.
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Results and Discussion:

Data ottained for retention time as a function
of teurerature for the n-paraffins, acetate esters,
ethers, and haloalkanes ere rlotted in Figures 1, 2,
3, and 4 respectively. The plots show very little
scatter of the exrerinental roints, and the slope of

each llne was determined by the method of least-squares.

The calculatlion of the heat of varorization of
each comround was done in the followlng way. Cne com-
round from each series was taken as a reference, and the
slope of the retention time-temrerature vlot was calcu-
lated for each mnexker of the series, Since the slope 1is
rrorortional to heat of varorization within a seriles,
the ratlo of the slopes for the unknown and reference
compound was multiprlied by the heat of varorization of
the reference comvound., The result is the heat of varor-

ization of the unknovn.

An alternate methold of treacting the data 1s to first
deteraine the constant (a) for cach series. This would
be done by choosing a reference compound from each

serles and determining the retentlion time as a function

\

of varor pressure, FPased on ecquation 1S, a plot of the
data would yielé a straicht line of slope -(a). For

other membters of the series, a plot of the logarithm of
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Figure 1. Retentlion Time-Temperature Data for n-Paraffins
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Figure 3. Retention Time-Terrerature Data for Ethers
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the retention time versus reciproczl temperature has
a slope of the value a AHV/2.3RT1 The heat of wvapori-
zation of the other members of the series could then

be calculated, once (z2) had been determined,

The flrst method 1s rreferred for two reasons,
First, very accurate varor rressurs data over the
range deslired are unavallabtle except for a few com-
pounds which have been studled extenslvely. An addi-
tionecl error 1s also introduced by rlotting vapor
rressure at a given temrerature rather then tempera-

ture directly.

The results for heat of vaporlzation are shown
in Table I. There 1s excellent agreement between
values obtalined by the method described above and those
obtained by conventional techniques, 1In fact, because
assumptions were macde in the derivation, (that the
sample obeys the 1ldeal gas law and the Clausius-
Clapeyeron ecuation) the results indeed are much better
than would be expected., However, one would expecct
deviation from the 1idezl cas law and the Clausius-
Clapeyeron ecuatlion to occur apvroximately to the same
decree within a series., The erffect of these devia-
tions 1s essentially clicinated, since a comround from

the series is used as a reference.



21

Table I
AR AH
Exprerimental Literature

Compound Slorve kcal/mole kcal/mole Reference
Pentane 1,28 65.05 5.16 5
*Hexane 1.46 - 6.90 5
Heptane 1.62 T.66 T.66 5
*Propyl Chloride 1.30 . 5.51 6
Propyl Eromide 1.3%9 65.96 5.98 6
Butyl Chloride 1.45 7.26 T.17 6
Butyl Bromide 1.55 T.76 T7.61 6
Ethyl Acetate 1.47 T.T4 7.75 2
#Propyl Acetate 1.556 - g.21 5
Butyl Acetate 1.64 8.53 8.59 5
¥Ethyl Ether 1.22 - 6.22 2
Propyl Ether 1.1 7.58 T.77 2
Butyl Ether 1.S4 .14 9.01 2

¥ Reference compounds

Retentlon time us a functlon of temperature was
also determincd for n-alcohols eluted from diisodecyl
phthelate. A plot of the data 1s shown in Figure 5,
Using ethyl alcohol as the reference comround, the
heat of vaporization of the other zleohols was calcu=-

lated., The results are showm 1n Table 2. In this case
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Figure 5. Retentlon Time-Temprerature Data for Alcohols
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there seems to be no correlation between experimental

eand zccented values for the héat of varorization.

Table II
AH AH
Experimental Literature
Ccompound Slope -cal/mole kcal/mole Reference
Ethyl Alcohol 1.25 .41 5
Froryl Llcohkol 1.47 11.1 c.£8 5
Eutyl Alcohol 1.2 c.41 10.5 5

(

This, however, may be exrlaincd 1n the followlng
way. Consicder the solution of a rather polar gas 1n a
nonrolar licuid., The heat of solution 1s comrosed of
two rarts, the heat of condéencation und the heat of

mixinc., The constant (a) previously defincd 1s of the

form:
. - AHS _ AHV AHm
AHV AHV

Since thke solvent can at zoct Interact only slichtly
with the 3olute, the terﬂ1AHﬁ eriscs muinly from removing
the attractive forces tretween the solute molecules of a
liguid which must be broken for varorization to occur.
Therefore, the terﬂxAHh should be arrroximctely a linear
function of the heat of vzrorization of the solute.

Then (a) will be very nearly a constant over a wide

tenrerature ronce,
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In the case where both the solute and solvent are
gsomewhat rolesr, the heat of mixing then 1s affected by
consideratle solute-solvent interaction. The heat of
nixing 1s then not a simrle function of AHV of the solute,
and therefore the constant (a) would vary with temrera-
ture, Rellable results then could not be exrected for
heat of varporization by the method described above when

a rolar solvent 1s used.

To suprort the conclusions stated above, no accur-
ate data from the literature could be found for the
heat of mixingz of polar comrounds in hydrocarbons.
For the heat of mixing of n-alcohols in diisodecyl phthal-
ate st 1cc°C, Forter, Deal, and Stross obtained the

rcaults shown in Table III.23

T:ble III
AR AH
Compounc Vevorization Mixing
Ethyl Alcohol .41 4,61
Fropyl Alcohol 2,88 1.41
Butyl Alcohol 10.5 1.80

Agzin, there 1s no correlation bctween heat of mixing
and heat of varyorization. This 1s rrobatly due to solute-

solvent interactiongs.
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There 1s an additional point worthy of note which
became evident during the course of thils work. As
indicated in the derivation, the samrle size taken to
determnine retention time must be small so that a very
dilute solution will result. The method used in this work -
was to Introduce a very small aznount of the sample into
the chromatographlic column. The alternate, and more
widely used procedure, is to determine the retention
time for a numbter of rather lcorce samrle sizes., The
retention time as a function of samnrle slze i1s found
and a rlot of the data 1s extrarolated to zero sample
size. The retentlion time at zero samrle size 1is

assumed to be that for an infinitely dilute solution.

It was found, however, that there 1s no simple
relationshir tetween sample slze and retention time
when expremely small samples are used. This was observed
also by Urone and Parcher.1? Data are shown in figure 6
for retention time as a function of sample size for pro-
ryl alcohol and chloroform eluted from sgualane on @as
Chrom Q. As indicated by the prlot, the extrapolation
does not give the retention time for an infinitely small

sample.

A solute in a chromatographic column 1s retained

by both the solid surrort and the stationary liquid.
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Even a very inert solid surryort has some active sites
which may adsorb samrle molecules., Wwhen a rather large
sample 1s eluted from a column in which the sclid sup-
rort 1is quite inert, the solild surrort arrears to have
no effect on the retention time. This occurs tecause
the number of molecules of sample 1s large with resrect
to the number of active adsorrtion sites. As the sample
size 1s decreased, retention by the solid surrort be-
comes more sisnificant since the relative abundance of
actlve adszorrtion sites is increased. The extrapola-
tion technique would, however, give accurate data if
one were Interested in absolute retention volumes for
the 1liguid rhase, since the effect of the solid suprort
has been removed. In this wori, satisfactory results
were obtained using a constant small sawple size,
Retentlion by the solid suprort was elther constant with
temperature, or varied in such a way that the results

were not affected.
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Conclusion:

The method of gas ligquid chromatozrarhy has been
shown to te a general technique for determining the
heat of vaporization of volatile 1liquids, and for many
cases may be the only practical technigue. Samrles
which are 1lmpure may be used since data for the com-
pound of interest in the mixture may te determined.
Since the sample size may be extremely small, toxic
compounds and those not availlable in large gquantities

may be measured easily.

In acéition to the work previously described,
some additional related exreriments should yleld use-
ful informction. First, 1t was concluded from the data
rresented atove that the heat of mixing of a polar
solute in a2 non-polar solvent 1s a linear function of
the heat of varorization of the solute. This should be
investicated either bty conventionul mneans or by gas

chromatograrhy.

The concept of a "homologous series" should also
be defined more clearly. Exreriments should bte con-
ducted which determine whether certain compounds are
homoclogs. Fer example, 2 hertanol and 3 hertanol zre
both secondary alcohols, but one may not be a sultable
reference for the other in deteranining heat of

varorization.
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