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SUMMARY

The response of the gas chromatographic thermal conductivity detector has
been correlated with the physical properties of the solute. In this investigation we
have determined that detector response represented as relative molar response factors
can be accurately predicted from the critical constants, thermal conductivity co-
efficient and molecular weight of both the chromatographic fraction and the carrier
gas. The ‘“molecular diameter’” approach has been employed in conjunction with
appropriate thermal conductivity and molecular weight terms which appear in our
relative molar response equation. This expression is applicable to polar and non-
polar compounds when helium, hydrogen, and nitrogen are carrier gases.

INTRODUCTION

The quantitative interpretation of thermal conductivity cell response has re-
ceived considerable attention. Initially, RosiE AND Gros! and others? ® chose benzene
as an internal standard to successfully obtain accurate quantitative data with helium
as carrier gas. KAISER? and HARA ¢f al.® experimentally measured relative molar
response (RMR) factors for selected compounds with hydrogen as carrier gas while
JarziesoN®-? compiled extensive tabulations of RMR data for many classes of com-
pounds with nitrogen as a carrier.

There have been several attempts to calculate RMR factors theoretically from
either convective heat effects!® or the kinetic theory of gases®.11-14, In our recent
papert® we adopted LITTLEwoOOD’s!? extension of the rigorous Chapman-Enskog
theory governing the thermal conductivity of a binary gas mixture (eluted solute
and carrier gas). When helium and hydrogen are employed as carrier gases it was
determined that response behavior for compounds of vastly different functionalities
can be accurately predicted by the following equation:

g+ 0.7’ e
| | | M- M,
RMR; = | — z [M.:,— w7 x 100 (1)
gy
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where o indicates molecular diameter and M represents molecular weight. The sub-
scripts 4, T, and ¢ refer to the: solute under consideration, the carrier gas and benzene
(the imtermall stamdard), respectively.. The: first bracketed term is the resultant of the
expression proposed by Lirriewoon!'? whereas: the second term was incorporated
by ws to explaim the imcrease im RMR witlh a corresponding increase in molecular
wedgiht..

The significamce and implications: of the molecular diameter term in eqn. 1
hawe previowslly beem discussed!. I short, they depict how the presence of the solute
wvappor alters the thermal comductivity of the carrier gas. The carrier gas is responsible
fior the heat dissipation in the sensimg' filament and the solute vapor interferes with
the process im proportion to their cross-sectional areas

ey + @)/=]”

Respomse factors; were calculated by eqm. 1 for 68 compounds of various classes
wiitth hellimm as camrier gas im addition to 20 substances using hydrogen as carrier gas.
It was fomnd thatt the predicted RMR walues witly these carrier gases were indeed
a limear fomctiom of molecular weight for compounds belonging to a homologous
series amdl comld illustrate the decrease: im response associated with increased molecular

Wit mitrogem as a carrier gas: our equation failed to reproduce the experimental
RMR datta. Althowgih this carrier gas: has beem a nemesis to response predictors be-
camse of its low thermal comduwctivity and relatively high molecular weight, the calcu-
lation of RMR factors witlh mitrogem as carrier gas is the subject of the present in-
westigation.

EXPERINIEN AL

. The experimemntal apparatus; and procedures. were conventional and have been
described previonsly™. Hydrogen was: mot used as: a carrier gas. The Gow-Mac Model
@by thermal comdunctivity detector equipped with thermistors was operated at 6 mA
and at a comtrolled flow rate im the: range 21-3;7 ml/min. These conditions minimized
the formation of W-shaped pealks..

CONCEPT AND DETERNDNATION OF MOLECTULAR DIAMETERS

The thermmall comductivity of a wapor is: dependent upon its molecular weight
and] distamce of dosest approaclh amomg other molecular properties. We have defined
the distamce of dosest approach by the o term in the Lennard-Jones (12-0) inter-
maolecnlar potemtiial fimmetiom

«-w|()" - ()] @

im woinich @y, is the maximum emergy of attraction of two colliding molecules, v(») is
the potemtial energy of imteractiom amd » is: the internuclear distance. The rigid
Clhaypmam-Emnsdkog theory™ has related the: parameters o and ¢, to the viscosity and
thermmall comdmctivitty of a gas near atmospheric pressure. These constants may be
diettermimed firom the experimmental measarements by choosing the set of o and ¢, which
reprodmees the diatta most accurately..
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Difficulties are encountered in this procedure as there frequently exist mulltipke
sets of o, ¢4 values which reproduce the same viscosity data. Moreower, ttremnds im
various homologous series are not smooth, that is, the addition of a methylene gmoup
does not contribute a constant amount to either the collision diameter or the emnengy
of interaction. These affects have been described earlier?®,

To eliminate the irregularities of o values, diameters hawve Ibeen caloutated by
the empirical expressionsreported in the literature. The diameter expressions employpead
in this study and the appropriate designation by which they will lbe subsequemntlly
referred to are presented in Table I. By utilizing diameters caloulated in the abhowe
fashion a consistent set of collision cross-sections «can be :;generated because «of tihe
regular, periodic variation of these properties within a series «of similar compounds.
P¢, Ve and T represent critical pressure, volume and temperature, respectively.. The
acentric factor, 1V, is indicative of the reduced vapor pressure 2 (v.p.), of @ substamaee
near its normal boiling point and may be defined as

W= — log P(v.p.), — 1.00IT, = 0.7 (&)

The acentric factor!® provides a convenient measure between :a given molecule :amd

an inert gas. The critical constants and acentric factors of many orgamic «ompounds
have been tabulated?°.

TABLE 1
MOLECULAR DIAMETER EXPRESSIONS

Designation IExpression Source
1 0 = 2.36 (To/P)1® 17
2 o = (2.35 + 0.207 W) (L ¢/ Pc)L/3 17
3 ¢ = (0.812 - 0.168 W) V1/8 17
4 o = 0,785 V1/8 18

FORMULATION OF AN RMR EXPRESSION

For the case where helium, hydrogen and nitrogen are carrier gases the megponse

behavior of assorted compounds can be predicted accurately by :an equation «of the
form:

_ |06+ oy 1Ky — K || M, — M |]*
RMR‘ - I:O'd, + 61] [K]_ - .Kd,f [M'f’ bl Mxl] > 100 ((41))
The subscripts 7, 1, and ¢ have been previously defined. K and M mefer tho tihenmal
conductivity and molecular weight, respectively. Since the thermal condmcttivity of
nitrogen has the same order of magnitude :as benzene :and other eongamic moelecules,
it is reasonable that an appropriate term should appear in :an empirical mespomse
equation. However, due to the very high thermal conductivity of heliwm amd hy-
drogen, the magnitude of the thermal conductivity term is approximately wmmity..
In fact, if the exponent « equals 1/4, eqn. 4 reduces to our original nesponse wquation
described earlier.

The factor of 100 represents the response of benzene :arbitrarnily @ssigmed @
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value of roo response units per mole. In the calculation of the RMR factor the collision
diameters of the substance indicated in eqn. 4 were computed from the same diameter

expression. Thermal conductivity coefficients at 100° for the compounds studied are
listed' in Table II.

TABLE II
THERMAL CONDUCTIVITIES® AT 100°C FOR VARIOUS COMPOUNDS

Compound Thermal conduc- Molecular
tivity X r0® weight
(callem +sec+ ° K)

n~-Pentane 5.20 72.15
n-THlexane 4.90 86.17
n-Heptane 4.80 100.20
n-Octane 4.50 114.22
n-Nonane 4.50 128.25
Benzene 4.10 78.11
Toluene 4.60 92.13
Cyclohexane 4.20 84.16
Dietlivl ether 5.20 24,12
Acetone 4.20 58,08
Ethyvl acetate 4.17 88.10
Acetonitrile 3.27 41.05
Methylene chloride 2.50 89.94
Chloroform 2.30 119.39
Carbon tetrachloride 2.10 153.84
Carbon disulfide 2.80 76.13
Methanol 5.20 32.04
Ethanol 5.00 46.07
n-Propanol $4.92 60.09
n-Butanol 4.84 74.12
Isobutanol 4.77 74.12
Pentanol 4.54 88.15
Helium 40.11 4.003
Hyvdrogen 49.48 2.0106
Nitrogen 7.21 28.0106

a Selected from refs. 21-24.

RESULTS AND DISCUSSION

Although the light carrier gases have replaced nitrogen for use with the thermal
conductivity detector, the parameters underlying detector response with this carrier
remain: to be elucidated. Unlike the cases for helium and hydrogen as carriers, RMR
values. with nitrogen fluctuate and may be dependent on experimental conditions?25.
Nevertheless, we have assumed that the low thermal conductivity and relatively
higlh molecular weight of nitrogen are the primary factors responsible for the peculiar
response observed with this carrier gas. The RMR factors at a customary 100° cal-
culated! from eqn. 4 are presented in Table III. The experimental data are included for
comparison. Unfortunately, our analysis was limited by the lack of thermal conduc-
tivity coefficients for many compounds. However, the selected compounds exhibit
substantial differences in molecular weight and structure.

Ji.. Cliromatogy., 63 (1971) 203—210
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TABLE II1
PREDICTED RMIR DATA AT 100° WITH NITROGEN AS CARRIER GAS

Compound Experimental Predicted RAMRY
RMRs
o= 1/2 x=7I/y4
A B I 2 3 4 ¥ 4 2 3 ¥

n-Pentane 59 51 01 62 61 61 63 64 63 63
n-Hexane 9o 91 88 89 88 86 84 86 85 83
n-Heptane 112 124 109 112 111 107 100 102 101 97
n-Octane 141 153 143 148 146 139 125 129 127 121
n-Nonane 163 182¢ 163 170 167 157 137 143 140 132
Benzene 100 100 100 100 100 100 100 100 100 100
Toluene 120 1106 97 a8 98 a6 91 2 2 90
Cyclohexane ’ 87 103—-106 103 103 102 103 100 100 99 100
Diethyl ether 64 53~8z2¢ 01 61 59 59 62 62 61 60
Acetone 05 62-04 .08 69 GO G5 78 79 75 74
LEthyl acetate 107 119¢ 108 111 108 104 103 106 103 100
Acetonitrile 49 — 60 61 53 52 85 86 74 73"
Dichloromethane —_ 144-147 140 140 141 141 133 133 133 134
Chloroform 194 188-195 189 189 194 194 162 162 167 167
Carbon tetrachloride 254 253¢ 251 251 250 251 200 199 199 199
Methanol 14 13—-21 13 14 13 12 206 2 25 24
Ethanol 2 34 35 37 37 33 45 48 17 13
n-Propanol 57 57¢ 53 56 50 51 59 63 63 58
Tsopropanol 40 49 46 50 50 44 52 56 56 50
n-Butanol 73 87 77 8z 82 75 7 83 83 77
Isobutanol 67 (53 74 78 79 72 75 So So 73
Pentanol 102 116 a9 105 105 97 95 100 100 93

* A = RMR values determined in the present study; B = RMR values extracted from ref. 3.
b The numbers 1—4 refer to the expressions 1—4.
¢ Values extracted from refs. 6—9.

Better overall agreement is produced by assigning « a value of 15 although trends
in response and orders of magnitude are adequately predicted for both non-polar
compounds with our original exponent, 1/4. This improvement possibly represents
the predominant role played by a heavy carrier gas in use with this detector. \We may
have compensated for the ‘“‘heat capacity effect” observed by BOHEMENX AXD PUR-
NELL26, HOoFFMANN’s? equation, which yielded good data with helium and hydrogen,
was also modified to reproduce the experimental RMR values with nitrogen as carrier.

Previously we reported that RMR data evaluated with helium and hydrogen
are dependent only on molecular constants and the molecular weight of the solute
and carrier gas. With the heavier nitrogen, the thermal conductivities of the carrier
and most organic substances are similar in magnitude. The selected thermal conductiv-
ity expression (K; — K;)/(K,; — Kyg) varies from 0.67 to 1.64 for the compounds chosen.

The importance of the thermal conductivity and diameter terms can be illus-
trated by considering the compounds 7-pentanol, cyclohexane, and dichloromethane
— species which differ greatly in RMR but have approximately the same molecular
weight. On the other hand, incorporation of the diameter expression and molecular
weight term yields excellent agreement for substances having identical thermal
conductivity coefficients but differing in RMR and molecular weight, ¢.g. methanol
and pentane. The same holds true for the set acetone, cyclohexane and ethyl acetate.
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Therefore, a net thermal conductivity difference is not the only analytical meclamnism
prevailing.

Molecular diameters defined by the Lennard-Jones potential :are functioms of
molecular properties; thus, the computed diameters provide a relative measure of the
diameter of the solute to that of the carrier gas and reference substance (benzene).
However, these calculated diameters should not be confused with the concept of
a ‘‘true’’ molecular diameter. They are either directly propoertional to V%3 or indirectly
through (T ¢/Pc)'/® and have a unique implication. If the organic vapor is assumed
to be a sphere with a volume equal to 4/37(c/2)3, a direct path to a simulated geo-
metrical dimension is obtained. In addition, the critical constants and acentric para-
meter of a substance are representative of the intramolecular forces affecting its size
and shape. The molecular constants, in fact, may be used to evaluate secomnd wirial
coefficients.

STIEL AND THODOS!® devised diameter expression 4 for polar species. Imspec-
tion of Table III shows that the computed RMR data of non-polar compoumds ac-
curately reproduces the experimental data while the remaining expression formulated
for non-polar species yields excellent agreement for polar molecules. We imterpret
these results as a consequence of the environment of the eluted solute. As the mole

TABLE IV

PREDICTED RMR DATA WITH HELIUM AND HYDROGEN AS CARRIER GASES USING MOLECULAR DIA-
METER EXPRESSIONS 3 AND 4

Compound Heliwm Hydrogen

Experimental Computed Experimemital Computed

RMR RMR RAMIR RMMPR

Ref. 14 Ref. 2 Egn.z3 Egn. 4 Ref.5 Ref. 3 Egn.3 FEgqn.g
n-Pentane 106’ 105 102 101 104 ro2 13 102
n-Hexane 122 123 118 115 118 123 rm8 g3
n-Heptanc 136 143 133 128 133 r3=2 133 28
n-Octane 151 160 150 142 150 152 .49 o4
n-Nonane 164 177 164 154 — 183 163 153
Benzene 100 100 100 100 100 100 [folo) 1O
Toluene 114 116 113 111 132 rn6G 13 goo
Cyclohexane 110 114 107 108 106 105 17 1o8
Diethyl ether 107 1090 o7 97 112 floli} @8 @7
Acctone 83 86 86 84 86 89 B By
Ethyl acetate 108 ITI 110 1006 _ —_ 1T 106
Acctonitrile 70 —_— 74 72 —_ _— 75 73
Methylene chloride — 4% 05 05 — 87 Q4 @4
Chloroform 104 108V 112 112 — 99 (4 (i8¢
Carbon tetrachloride 1106 120b 126 127 — xr2 126 126
Carbon disulfide — 86w 84 86 —_ 8y 83 83
Methanol 55 55 59 55 62 59 6o 36
Ethanol 72 72 77 70 75 Gg 78 i
n-Propanol 86 83 02 84 — _— @3 83
Isopropanol 85 85 95 83 — —_— Lol By
zn-Butanol : 09 95 108 o8 — — ro8 fol0}
Isobutanol o8 — 108 o8 —_— —_— 108 98
Pentanol 115 _— 121 112 — —_ 120 ooz

& Ref. 3.
b Ref. 27.
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fraction of the solute is usually < 1, solute—carrier gas interactions predominate. The
appropriate molecular constants therefore, are a relative indication for the size and
geometry of the solute—carrier—benzene system.

For the case where helium and hydrogen serve as carrier gases, RMR factors
at 100° have been computed from eqn. 2 with &« = 1/4. Insertion of the thermal con-
ductivity term slightly improves the agreement between the previously calculated!*
(eqn. 1) and experimental RMR data. The magnitude of this term lies in the range
of 0.97 to 1.04 for the compounds considered. Utilizing diameter expressions 3 and
4 typical examples are presented in Table IV. Close examination of the tabulated

RMR values indicates that both sets of data are nearly identical for a given substance
witl these carriers.

COXCLUSIONS.

The present study illustrates that the relative response of the thermal con-
ductivity detector can be correlated with fundamental molecular properties of the
chromatographic solute and carrier gas. More significantly it has been found that
thermal conductivity is not the only analytical property under consideration. We
suggest that absolute signal strength may now be divided into three components:
a cell factor, an electrical factor and a ‘‘molecular property’’ term.

Anomalous peak behavior has been commonly observed in the analysis of
organic swbstances with nitrogen as carrier and in the determination of hydrogen in
helimm. W-shaped peaks have been attributed to the temperature gradient between
the detector block and sensing filament, the molar flow rate, heat capacity and sample
size. Im addition to these parameters, we propose that a similarity in magnitude of
the various molecular properties considered here is also partially responsible for peak
distortion. Additional investigations, particularly with “heavy’’ carrier gases should
elucidate the response of this versatile and inexpensive detector.
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