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CORRELATIONS RETWEEN PI-IYSICAL PROPERTIES 017 
HALOGENATED ALKANES AND THEIR GAS CHROMATOGRAPHIC 
BEHAVIOUR ON POLAR AND NON-POLAR STATIONARY PHASES 
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SUMMARY 

Normal alknnes and linear chloro-, bromo- and iodoalkanes with the halogen 
atom in the I-, z- ancl 3-positions have been analyzed on Apiezon L, tricresyl pllos- 
phate and Carbowax zoM columns at 75”, 100~ and 125”C, using a flame ionization 
detector. 

The retention times hnd retention indices relative to normal”iodoalkancs were 
determined for every compound, and their relationships with the stationary phase and 
the analysis temperature were investigated. 

The relationships between the retention data and the following physical 
properties were also studied: molecular weight, boiling point and molecular volume, 

INTRODUCTION 

In previous papers l-4, the gas chromatographic behaviour of alkyl iodides was 
investigated, using a tricresyl phosphate column and an electron capture det.ector. 

Some relationships were found between the structure of the compounds, their 
retention indices and their physical properties, The position of the iodine atom in the 
molecule and the number and the positions of methyl groups were shown to have a 
strong effect on the retention time, If the iodine is substituted on a carbon atom 
within the chain, a decrease in tile retention time with respect to the I-iodoallrane was 
observed. This decrease in retention index was found to be roughly proportional to 
the difference between the boiling points of the I-iodoalkane and the isomcric com- 
pound. 

In this work, in order to obtain better correlations of the retention time with 

l This work wns Jxwtinlly supported by the C.N.R. unclcr Rcscnrch Contract No. I IS- 

25971010~5 (1970). 
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TABLE I 

PHYSICAL CONSTI\NTS OIZ SYNTI-IBSI%ED AND ANr\LY%Ifl> ALICYL CIILORIDIW 

Unless othcrwisc Spccilictl, dcnaitics and IWfriKtiVc incliccs nrc nt 2o°C. 

AZlfyZ clflovide Te (“C) Refractive Deusily Molectrlav Sowce 
nt 7Go low i N tlex (fil,,ll) VOhJ?JC 

(cw13) 
-.- _... -_--__.__-_-.--- _-__ ~-.-_ ----_- I__.-._.-.__._ ._-__-___. 

Chloromcthanc 
Chlorocthanc 
I-Chloropropano 
a-Chloropropnnc 
I-Chtorobutnnc 
z-Chlorobutanc 
I-C1~loropcntnne 
a-Chloropentanc 
3.Chloropcntanc 
I-Chlorohcxanc 
zXhlorohcxanc 
3~Ch1orohcxnnc 
I-Chlorohcptanc 
z-Chlorohcptanc 
3Xhloroheptanc 
4.Chloroheptanc 
x-Chlorooctanc 

-23,7G 
13-I 
4G,GO 
344s 
78.4 
GS.2fi 

108.2 

$5 

I34 
122.5 

I23 
I59.P 
146 * 
I44030 
I44 
ISI& 

1.3GG (- 10~) 
I.3742 (IO? 
I .388G 
1.3781 
I.402 I 
I.3971 
r.412s 
I ..+07g 
1.4082 
I*$I99 
1.4142 (229 
1.41G3 
- 
1.4221 
I.4237 
I.4237 
I .430G 

0,gz 
o.gozs (I 50) 
0.8g23 
o.H5go 
o.HSG5 
O.s732 
o.SS28 
0.8732 
OaS723 
0.8784 
0.8Gg4 
0.870 
0.881 (IGO) 

“,.;;;z (I SO) 
0 

0.8710 
0,874s 

54.89 
71-44 
87097 
91.38 

Io4q34 
IO5093 
120.G4 
121,gG 
122.09 
137018 
138,Go 
138.50 
152.GS 
I54.15 
150,II 
154.42 
IGg.75 

Fill lta. 
Chcmicnl Snmplcs Co. 
Chemical Samples Co. 
Chemical Sarn$cs Co. 
Chcmicnl Snmplcs Co, 
Prcpnrccl.~ 
l?rcparocl~J 
Chcmicnl Samplea Co. 
Prcpnrcclb 
Prepareclb 
Prepared” 
Chemical Samples Co. 

n Values cxtrnpolatcd from loi-prcssurc clntxW. 
IJ See rcfs. 3 and G, 
0 Talon from ref. 5. 

TABLE IL 

PIIYSICAL CONSTANTS 017 ANALYSEIJ UIZOhIIDES 
-.l._-_--_ - -__- I___-.-_-.----___- .--I-.--.--.~ .._.. --.- ._.. -.__--------.~- 

AlI@ Lwornides Te PC) Refractive Density MOlCClth Sorrrcc 
al 760 lovr * in&m fshll) vo2lr~~~o 

(&HP) 
._._______--_---_--~..~_-~__-._._--_. - 

Bromomcthanc 3.59 
Bromoothanc 38.4 
I-Bromopropnnc 70.82 
z-Bromopropwc 59.41 
x-Bromobutanc 101.3 
z+Bromobutnnc 91.2 
I-Bromopcntnne rzg.G 
a-Bromopcntnne 117.5 
3.Bromopcntnnc 118.2 
I-Uromohexanc 156 
a~Bromohcxanc I44 
3-Bromohoxanc 144.00 
I-Bromoh cptanc 180 
a-Bromoh cptnnc 1G8.30 
3.Bromoh cptnnc 1 Gg” 
4.Bromoh cptanc 165.5” 
I-Bromooctnnc 202.3 

I.4234 (IO’? 
I *4239 
I.4341 
1.4251 

I a4398 
I .43GG 
I.1444 
I.4413 
I.4443 
I.4478 
;.wjg; (25O) 

I *45o5 
- 
I .45o7 
I .4506 
I.4527 

I.3559 
I.3097 
1827G4 
1.255G 
1.2177 
I ,203g 
1.2170 
I.1763 
1.1058 
I.1799 
I,1384 
101277 
1.13Ga 
I.I35I 
I.118 

54.85 Flulta 
74.G4 Fl11ltfI 

90.-/I BDEI 

93.91 BDI-I 

107.33 Flulta. 
1og.11 Flultn 
124.00 Flulta. 
125.43 FlLllta. 
124.07 FlLlka, 
140.27 I’lulta 

I4I.54 FlUkL 

139.84 FlUkL 

157.24 FlUkL 

155.73 PlUkL 

I57.54 l?lLlltEL 

157.70 Flulta 
I72.G3 FlLlkL 

..--. _._-..-__--_-..-.- .._. --_-.._-__-.- .._. --.-.._ 

a See footnotc to Tab10 I. 
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structure and physical properties, the alkyl iocliclcs were analyscd on columns of dif- 
ferent polarity at three temperatures. 

In addition, normal hydrocarbons ancl linear chloro- and bromoalkanes were 
analyscd on the same columns at the same tenlperatures, in order to investigate the 
effect of the presence of different halogen atoms at various positions in tile molecule. 

The nnalyscd alkyl chlorides and bromides arc listed in Tables I and TZ with 
their main physical constants. Some boiling points (Tb) were extrapolated from low- 
pressure data 4nG, The corresponding data for the alkyl ioclicles have been previously 
reportec13*“. 

The products were obtained from DDH Chcmicnls Ltcl., IJoolc, Great Britain, 
Fluka A.G., Cl-I-9470 13uchs, Switzerland, and Chemical Samples Co., Columbus, 
ohi0 43221, U.S.A. Some compounds were syntllcsized”. 

The analyses were carried out with a Varian Aerograph Model 1520 gas cliroma- 
tograph with proportional temperature control. An all-glass arrangement was used so 
as to prevent the decomposition of the samples, and the injection was made directly 
into the column. 

Three different columns, each 3 m x I/Y in., fillecl with qjryO of npiezon L, tri- 
crcsyl phosphcite (TCP) or Carbowas 2oM on D&KS-treated Chromorb W, acid- 
washed, 80-100 mesh, were used. Great care wns taken to ensure that the same weight 
of stationary phase was usecl in each column. 

The analyses were carriecl out at three temperatures, 75”, 100’ and 125”C, with 
a ma.ximum fluctuation of &IOC between different series of analyses at the same 
nominal temp,erature. 

lJure nitrogen was used as the carrier gas, and the inlet pressure was adjusted 
to give a constant flow of 30 & I ml/min at different temperatures and at various 
degrees of ageing of the columns. 

While in the previous workl*a an electron capture cletector (ECD) was used, in 
this case a flame ionization detector (FID) was preferred, owing to the difference in 
the electron affinities of chlorides ancl ioclides’ and to the necessity for detecting the 
hydrocarbons also, to which the ECD is almost insensitive. 

Volumes of samples of about o.I@, pure or dissolved in ,rc-hexane, were 
injected, About I ,x1 of methane was injected *,vith each sample so as to indicate the 
gas hold-up time of the column. As previously seen @, the use of methane as a “reten- 
tion zero marker” is not completely correct. Nevertheless, at the temperatures and 
flows used, the error in the calculation of the adjusted retention times (la), due to this 
cause, is less than 20/O for the lightest compounds, and clecrcases to 0.1% for heavier 
members of the liomologous series. 

RESULTS AND DISCUSSION 

For all of the homologous series analysed, the plots of the logarithm of the 
adjusted retention times VL’~SZIS the number of carbon atoms in the chain are linear 
ancl parallel for each column at constant temperature (Fig. I). With increase in the 
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O- 

Fig. 2. Loyaritlinis of tlic ntljustctl rctcntion times, I ,,, as functions of the nurrihr of cirrlxm ntcans, 
I!, on rgC:(, i\picxon IA nt vnrious tcnipcmturcs for r-cliloronlltancx. 

tcmperaturc of analysis, the slop” decreases, ns sl~own in Fig. 2. This bcllaviour was 
olx~rvecl on all of tile stationary phases tested, and it is probable that a common 
point of convergence of all tlic plots will be found at low 91 ancl tn value@, 

To stucly the effect of temperaturc,_tl~e speciiic retention volume, VV, should be 
useclf’Jo. However, ns only the variations of the retention values are consiclered, the 
bekaviour of d log ta/dlr is very similar to that of d logV,/drt. 

In Fig. 3 the d log &/d?z. values are reported as a function of the reciprocal of 
the absolute temperature. The higher values for Apiezon L confirm that the separn- 
tion on this phase depends mainly on the molecular weight of the analysed com- 
pounds” nncl therefore is very dependent on the chain length. For allanes and I-hnlo- 

alkanes, the dependence is linear for the three stationary phases, For z- and g-halo- 

alkanes, the plot on Carbowas zoM is still linear, while tile curvature of the plots on 
Apiezon L and TCP sl~ows that these liquid pleases give better separations at low 
temperature, ancl therefore are more suitable for tile analysis of the lower rqembers of 
the Iioniologous ncries. 

Eflccl qf the jdnrity of tlrc stntiotinuy jdrnsc 
To compare the beliaviour of the three phases, it is convenient to use the 
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I-X-alksms Z-X- alksnas 

0.2 . 

+ 
xlb3t’K) 

3-X-alkams 

Fig. 3, l~~p~ntl~~ of tl lfly t,,/clrz on colun~n tcmpcrcdurc. - . -, Apiozo11 L.; - - - , tricrosyl 
pl1ospl1atc; -, Cnrbowns aoRI. I’or symbols, we Fig. I. 

retention indices, which do not depend on small 
di (ions. 

variations in the experimental con- 

Retention indices relative to both normal alkanes, I (ref. II), and to linear I- 

ioclonlknnes, I.,ci (ref. I), were cleterminccl. Thcsc two pcwmietcrs are linearly related” 
and it is therefore possible to use each of them to identify a. compound, but in the 
following tables nncl discussion, preference is given to the I,,1 values, because the 
peaks of normal alltancs are asymnetric on the Cnrbowax column, which cnuscs an 
error in the clcterrnination of tlicir retention times ancl, consequently, of the I values 
of other compounds. The precision of the I,il values is generally about I index unit, 
though in some instances n reproducibility of better than 0.2 units was observed. 

The clependcnce of I.,,1 on the number of carbon atoms of the chain (.a) is linear 

SLOI’R .dl 012 TllIZ RQUATION /,,I = .d, -t_ .dIW, FOR 71-ALICASICS (1-i) AND CIILORO-, I’~ROhlO- AND IOIJO-ALICANES, 

ON I>IIWERBNT STATIONARY I’IIASRS AT VARIOUS TBMI’IfRATURlSS 
,_._ _..._____._ _..__._- _......._ _._ ___.__ - ._... -__.. ..- . . ._... . _. _. .,.- . . ..__ ._ _,...... . . . . . ..-...-.-.- ._ -.. -.- ..-...-.. -..-.-..-_-------- . 

%‘oqJ, Posilio~bl. tlpiezori I- ?‘th’FS_L’! j~J~os/htc Cnrbozvc4.v ,nolvx 
PC) of - --- - 

Ilctlogcrl 1-I a UY I I-I a Iju I 11 Cl l3r I 
- _-. - I,.___ __.__... ______._._.__^______.________._.__I_ _.__,.. .___,_._,__._ -.- ._..__ _-___ ._...._-.....-..-.- .- 

75 I 1oo.G IOO& 101.0 100.0 g9 * 4 103.Q 101.0 100.0 104.3 loG.9 loY.,\ x00.0 
2 gY.9 gG.2 94.3 100.0 99.1 oh 107.2 100.1 92.4 
3 956 9.5~0 94.dl 95.G 90.5 04.9 100.8 90.7 g2.0 

100 I 100.2 roo,g 99-7 100.0 98.G 102.3 1oo.g 100.0 103.2 100.0 ro2.8 100,o 

2 po, I 954 93.8 zo0.s gG.9 98.4 1oo.g OS.4 g4ao 
3 9508 9.3#4 95.8 97.0 go.2 93.7 98.3 98.3 gG.0 

125 I 100.3 Ioo,g 101.0 100.0 97.8 Io0.g 101.g 100.0 101.8 103.0 rob.1 100,o 

2 95~1 95.4 93.1 98.7 94-2 91.4 107-G 99.9 92.5 
3 061 g&1 95.3 g1.0 94.4 92.9 101.7 g1.2 91.8 

I_.__.__._______-__ ,... ____ _._____._._ -_ - _._.___._ . . . . .._ -..._ _._-. __._.. _._-_. ._- .___. -,_. _.._,_ _ ______...___.___ -_- ._._.._.__ _-- _....__ --.---- 
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at every temlxraturc and for the three stationary phases. In Table III arc reported 
the slopes, fll, of the equation 

I lli = A, + A, 78 (1) 

A1 tends to decrease from I- to z- and 3-lialonlltancs and to increase with 
increasing polarity of the stationary phases. 

/lo, which can be calculated by the least-squares method by extrapolation of the 
experimental data (see Table IV), may be affected by some errors because small 

Ix*rf5wrw-r .-I, (I:OI~ II = 0) 01~ THII 1sgv~r10s I,,1 == 21, -j- ..l,,r, 1~012 ,j.s A~ll~rzos I, c0Lunf.s ,\T 
12fj"C 

,. ._ . 
7’c~llpL’Yolltl’e 

PC) 
Posilimr of NdOg~*~~ 
Irdoge I1 ---.---~ 

C1 i3r I 
.--.- . ..-..._. - ___... _ . . ____ __. ,..__ _..... ..__...... . . .._ .._ ._ . 

I25 I --209.2 - 125.0 0 

2 --118.Y - I _J ‘2 . ‘2 - l‘}.C, 

3 - 223.9 - 149.9 -25.3 
..-. -.--.- . _... -. __. .-.. 

variations of experimental parameters produce large differences in the extrapolated 
intercepts. Tt appears to be more convenient to calculate the Ini values of the various 
compounds by using the following equaCon : 

~?,I V.-h) = I,r (C,) -I- (71. - 6) A, 

where C, is the substance with II carbon atoms for which the 1,bf value is to be 
calculatecl; A, is the slope in eqn, I for the homologous series (taken from Table III) : 
and 1.,&l (C,) is the retention index of the homologous compound with it = 6, experi- 
mentally measured, as reported in Table V. 

In Table VI are reported the 1,&j values of several members of some homologous 
series, experimentally measured and calculated by means of eqns, I and 2. The 

I,,1 OP TllX SISTII TERM 01’ EVERY llOlVOLO~OUS SlCRlRS I,,[ (c,), ON 1~11~1’131~15NT STATIONARY I’RASEN AT VARIOUS 
TBMPERATURES 
--.--.._--.__.._-.._. . ,_., ,___.-.. _... _... .,___.. .__ _.. -. . . ..-. _.__ _... . .._._._..._ ,.. ._._.-..._.___.._ -_.._ .._._ - ..___ - ..__..___...__ __..._ 
Tevnp, Posifiow Cavbowax z01M 
PC) of 

A p(czorr r. Tvicvcsyi pJrosplu~fc 
-- 

llnlo@n N c1 I3Y I N CI ur I I-I c1 BY I 
--______________.______________._ --_.-__ .-.. --- 

75 I I50 407.4 499.7 Goo 25. I q0G.s .5’OO.I Go0 - 382.8 Go0 gI.I 497.0 

2 3G1.8 448.0 54G03 347.0 
303.5 44944 

443.8 542.0 30007 414.1 527.5 
3 545.7 350.3 440.9 541.5 299.6 415.1 523.2 

100 1 152-4 400.9 494#7 Go0 22.5 403-4 500.1 Goo 

358.5 443.2 

-104.G 3G1.1 Goo 500.4 

2 548.G 341-3 441.4 540.0 278,2 52G.g 407.3 

3 359.4 445G 545.5 
396.1 481~0 

342.5 437.8 540-S 28G.g 404.2 524.0 
125 I 147.2 Goo 20.5 398.9 494.4 GOO - 102.2 35683 boo 479.1 

2 352.1 44004 543#9 338.G 435-2 540.9 27503 527.1 405.3 
3 352.7 439.7 54G.8 342.4 444.0 541.2 290.5 41o.G 525.0 

-----......--_ --.--_I.---.-_- ._-... -.-~_- .._ ._._........ .._-.- ..__ ---_-- 
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COhlPARISON 11ETWEEN ‘ME I,,; VALUES EXPI3RIMENTALLY MEASIJIU3D ON I\PIISZON L AT 125°C 
cAr.cu~~Tn~ nv blah'. I (FROM TMIS DATA 01~ThuLns II1 AND lV), ASD UY EQN.Z (FROM THE DATA 
OPTABLBS III AND V) 
_-----__----- -__-.. -.- -..- _I-. --------____ _- ._.-___ ---_.- .._- 
Conrporlrld I ns 

Calc. 6y eqn. I Calc. Oy eqn. a 

I-Chloropcntnno 
I -Chlorohcxnnc 
I -Ch1orohcptnnc 
1 -Chlorooctnnc 
2-Bromobutanc 
2-Bromopcntanc 
2-Bromohcxnnc 
2-Bromohcptnnc 
2-Toclobutanc 
2-Ioclopcntnnc 
a-Ioclol~cxnno 
2-Toclohcptnnc 
3-Chloropcntnnc 
3-Chlorohcxww 
3-Chlorohcptanc 

295.23 
39G.l I 
49G.99 
597.87 
249.52 
344.94 
440.36 
535.78 
357*G4 
450.78 
543.92 
637.06 
25G.60 
352.70 
448.80 

295.3 
39G.2 
497. I 
598.0 
249.4 

gg*: 
535:G 
375.5 
4so.G 
543.7 
G3G.8 
25G.G 
352.7 
448.8 

295.2 
396.1 
497.0 
597.9 
249.G 
345.0 

;;;:S 

357.7 
450.8 
543.9 
G37.0 
2sG.G 
352.7 
448.8 

agreement is satisfactory, but the better correspondence between columns I and 3 
demonstrates that the use of eqn. 2 is convenient in terms of both speed and precision. 

The bigher slope for the r-baloalkanes (Table III) shows that the effect of 
increasing the length of tile molecule is greater when the halogen is substituted on the 
first carbon atom of the chain. As the difference increases with the polarity of the 
column, this effect is probably due to the greater interaction, with the polar station- 
ary phase, of the linear molecule that has the halogen atom at the end of the chain, 
i.e., in a more reactive position. This effect decreases from iodine to bromine and 
chlorine. 

The comparison of the Ins values of chloro-, bromo- and iodoalkanes on the 
three stationary phases shows that, by changing the halogen atom, the difference is 
about IOO at every temperature. 

On the other hand, the difference between the I,t values of the halogenated 
alkanes and those of the corresponding ?c-alkanes (Le., the “retarding effect” due to 
substitution of a hydrogen atom by a halogen atom), increases greatly with the 
polarity of the phases, as can be seen in Table VII. 

The values reported in the two last columns of Table VII are equivalent to the 
AI values (differences between the retention indices on polar and non-polar stationary 
phCW?S) Of I<OVATS 11. These differences are lower for TCP, in agreement with the 
intermediate “polarity” attributed to this phase by ROHRSCHNEIDER~~. 

The retarding effect and the .4I value may be due either to the dipole moment 
or to the polarizability of the molecules with various substituents, and to clifferent 
interactions with stationary phases of various polarities, 

The dipole moments of the chloro-, bromo- and iodoalkanes are practically the 
same13 and therefore cannot cause the observed differences. The polarizability can be 
deduced from the molar refraction, R, of the compound, which is, to a first approxima- 
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tion, independent of temperature. For a very large number of compounds, R is 
approximately additive for the atoms and bonds present in the molecule. 

The influence of the paraffinic chain is therefore the same for compounds with . 
the same value of n, and the difference in polnrizability is correlated with the dif- 
ferent molar refractions of hydrogen (12 = ~.ozS), chlorine (R = 5.84) bromine (X = 
S.74), and iodine (X = 13.95). 

The variation of AI due to different stationary phases, as with the retarding 
effect due to different substituents, should therefore depend on the polarizability of 
the molecules, but the observed maxima when the halogen atom is at the end of the 
chain cannot be explained on the basis of the very small differences in the molar 
refractions of linear compounds, which differ only in tlic position of the halogen 
atom@. 

Other reasons (physical properties, storic hindrance, cross-section of the 
molecule, etc.) sl~oulcl therefore be invoked to csplain the different behaviour of the 
I-, z- and 3-haloalkanes. 

Dcfietdcmc of rctefltioft time ou variolls ~ltys~cnl~~vo~cvties 
When a hydrogen atom is replaced by a halogen atom, all of the properties of 

the compound change, thus influencing the gas chromatographic behaviour. The 
retention time and index change, therefore, and their correlation with physical 
properties is sometimes linear and in other instances is more complex. 

Relntiomdtifi betwccu I,,2 nnd ~rtolcculnr weight. By changing the halogen atom, 
the difference in I,,1 between the corresponding compounds with the same value of u 
is not completely proportional to the variation in molecular weight, n/l,,, also on the 
Apiezon L column 8, In fact, by dividing I.nt by M ,“, clccreasing values are observed 
for chloro-, bromo- and iodoalkanes. 

As two members of any homologous series differ by the molecular wciglit of a 
methylenc group, the dependence of I.,,,1 on M zU is always linear and the slopes are 
proportional to the values of AI in eqn. 1. 

The relationship between $1 and PI, is: 

n4 PU = 14.026 12 -I- 1,008 + AIU(llalo) (3) 

where 

14,ozG = molcculnr weight of a methylenc group; 
1.008 = atomic weight of liyclrogen; 

A ,&ialo) = atomic weight of the halogen, 
Front ecln. I, the dependence of I,,,{ on M,” is given by: 

I ni = ~3, + l3, Mru = (A, - A lR) + d*g 1 nf 
14.026 ” (4) 

where 

H 
AIU(llalo) 

= 0.072 - -- 
14~02G 

R is equal to 2,599, 5.77 and 9.12 for chloro-, bromo- and iodoalkanes, respcc- 
tively, and to 0,144 for the unsubstituted linear alkanes. 
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The nature of the Mogcn atom tllcrcfore influences 130th the slope and the 
intercept of tlifq plots. 

Rclnliomltifi l~ctzecc~r iTar trtrd boiling $oitrt. The difference between the boiling 
points of two consecutive members of any homologous series (AY’lr) decreases as w 
increases, The various series are regularly convergent and all tend to ;I. common limit 
nt wllicll the addition of tile (II + I)tll mctllylene group does not increase the boiling 
point, because its influence on a. very long chain may be neglected. At this limit the 
substitution of ;L hydrogen atom by a hnlogcn atom also has practically no effect on 
the vnpour prcssurc of the compound, and no variation can be expected by changing 
tlic position of this linlogcn atom. 

For the lower memllers of the hon~o1ogous series, however, ‘the change of the 
lialogcn atom from the terminal position to within the carbon chain alters the boiling 
point. As can bc seen from Table VIII, tllc S’l’b values (i,c., the differences bctwccn 
the boiling points of the I-haloalkanes and those of the corresponding isomers) are 
nearly constant, wllilc the vnlucs of rSl,,r (I,rl of tllc I-hnloalkane minus lqli of the 
isomer), greatly differ, 

Consequently, tlw ratio rU,,f/QTe is not constant and is about equal to 5, 8s 
previously found 11, but differs from one series to another”. 

RELATIONSIIII’ 13KT\\‘l~11S TIIIC d’l’l, ASI., ‘I’llli <\I,,! VALUES 01: LlSlSAR lI,\Lfl013SATI:.D ALICANILS 

Values of dl,r and of dI,,r/BTe at. 100%. 
- ..--.-.....--.-. _-.. -.- ._.....___..._.__--..-_ _..__ ._... -.._-.- . . . . _,_...._. _....._ . . - ._... _ ..__,__ ._.. _ ~_.__ . . . -. . . 
COUZpO/,Ud WI, Bl,,r Jl,,L/fW’r, 

-- -- - 
A p iezo )I I. ‘I’ricrcsJd Cnrb07cv1.r A pimolt 1. Tricrcsyl Curborewx 

______ _.___.__._.__.._._______-_-__,..-__. _.!?_:p2!.:_ ..!?. 
piiospllcrtc ?OM 

-_..--- -- __._. -. .-.---..- ___--_______ 

2-Chloropcntarlc 
z-Chlorohcsnnc 

11.7 37-7 
11.5 42,.t 
13.1 .t;. 1 

10.2 34-S 
11.0 358 
X5.? 54-8 

15-S 51.0 

10.1 45.5 
13.1 53.0 
12.0 52*7 
11.7 53.9 

I J,*l 45.S 
T I.‘1 

:::z II,0 1, 

14.5 53-S 

10.0 3900 
I T ,3 45.2 
r2,Lt 5’*4 
r3,5 57.7 

10.2 50.3 
JO,0 54-5 
IO,G 5Y.7 

r3*0 Go.5 

59~5 
Go,S 
67.G 

G;.S 
Ho.0 
92.2 

SG.9 
71.3 
H5.G 

3.22 
3.G9 
3.w 

3.41 
3.25 

5.oY 
5-29 
6t870 

54-t 

s-53 

4935 

4.a.t 

4 *o-t 
4.07 
4.81 
5.67 

4.28 

s-7’) 
G.gG 
7.04 z-Chlorohcptnnc 

3-Cl~loropcntanc 
3-Chlorohcxnnc 
3-Chlorohcptanc 

4-Chlorohcptanc 

2-l3romobubuvz 
a-13romopcntano 
z-I3romohcsnnc 
2-Dromolwptnnc 

3-l3romopontnnc 
3-13roniohcxanc 
3-Rromohcptitnc 

4-Dromohcptirno 

a-Ioclobtltnnc 
z-Ioclopcntanc 
z-Ioclohcxnnc 
a-loclohcptanc 

3-loclopcntnnc 
3-Toclohcxnnc 
3-Iodolicptanc 

4-Ioclohcptanc 
..b.-..-_...-_- .._.. 

.5!?~5 
Go.9 
6G,2 

GSs7 

40,s 
w3 
57,s 
60,4 

‘t&Y 
5S*7 
G&g 

67.9 

w5 
GG.o 
Go,0 
G .t , 0 

.ta40 
xl-5 
GG,5 

Sr,5 

72.1 
7G.O 
So.0 

S-t.3 

3.Go 

3.35 

-1.50 
-1.38 
:f:r; 

4.02 
.t.3G 
4.9s 

3.69 

5.15 
G.ZG 

.l.GY 

3.90 4 -05 
4.03 S.%l 
-1.51 5.26 
.t.lS S-42 

‘I.93 .I*12 

5.45 5.85 

5.54 G.27 

4.6s G.27 

4-57 
G,4S 
5.63 

G,55 

S,3G 

:*5;’ 
S:3s 

5*CJ!, 
Go13 
527 

7010 
70Go 
7055 

6048 
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On Apiczon and TCP, a nearly constant value of cV,,@Ta was observed for 
each series, but this was not true for Carbowax. 

A useful approach to the study of the dependence of retention on physical 
properties can be made by using the concept of “equivalent methylenes”, i.e,, by 
calculating the number of methylenc groups that must be added to a paraflinic chain 
to have the same effect on its properties as the addition of a polar group or of a 
halogen atom, 

This calculation, for example, in the case of the boiling points, can be made by 
using the following equation : 

MdT6) = 
‘I’&4lalo-C,&) - l’b(P,,) _ %b(MO) - TfJ(P) --_ 

I’b(P,1+*) - Ta(Pn) A Tb(P) (5) 

where 

MC = equivalent mctliylenes; 
Tb = boiling point at 760 torr ; 
x = substitution point of the halogen in the linear saturated chain with 21 

carbon atoms ; 

I),, = normal alkane with 11 carbon atoms in the paraffinic chain. 
Similar equations are used for other properties. 
In Table IX are reported the values of Tb(halo) - TB(p) and the ratio !lfc(Tb) 

for chloro-, bromo- and iocloalkanes with 3-S carbon atoms. 
For every series of compounds, tlie values of fi/le(Tb) are nearly constant and 

the differences between z- and 3-haloalkanes are very small. This correlation is useful 
when the boiling point of any compound is not well known’, ancl cannot be easily 
measured because of decomposition, the small amount available, or the presence of 
impurities in the sample, The knowledge of the equivalent methylenes enables the 
missing value to be calculated. 

DII~PRRISNCBS UETWRPN THR 13ClILING FOISTS OP. ~IALOCiRNATR13 COhll’OUNDS, T6(halo), AND 012 

TlIE CORRRSI’ONDING LINEAR I’ARAPWSS l’f,(P), AS13 RQUIVALENT M1STIIYLI~N&S b!ff?(Tb). 

Corraporlrltls l’b(C1) -TlJ(P) Z’b(13V) _-‘l’b(P) l’b(I) _-‘l’b(P) nfIC(%‘b) 

Cl 13Y I 

i-Hnlopropmc 
I-I-Inlobutanc 
I -I-Cnlopcntnnc 
I-I-Ialolvxamc 
I-Wnloboptnnc 
I-Halooctnnc 

2-I-Ialopropnnc 
z-I-Idobutanc 
z-I-Inlopcntano 
z-I-Inlolicxanc 
2-Halohcptano 
2. Hnlooctanc 

3-Hnlopontnnc 
3-I-Inlol~oxnnc 
3-I-Inlolmptnno 

88.7 
78.9 
72.1 
Gs.3 
GI.I 
55.3 

ZE:; 
Go.4 
5308 
47.0 
‘&O 

GI.9 
54.3 
45.9 

112.g I4405 
101.8 13015 

93.5 11gJ3 

87.3 108,s 

81.6 99*G 
7G.G 9204 

101.5 
91.7 
81.4 
75.3 
69.9 
G5.0 

82.1 
75.9 
70.6 

13145 
120,5 
108~4 
QGoQ 
8j.8 
EQ.0 

109.4 I.90 2.52 
9803 I.83 2.sG 
89,o 1.68 2.59 

3.13 
2.15 
2.21 
2.20 
2.24 
2.19 

1.85 
1.87 
1.85 
r.Yr 

::z 

2.71 
2.78 
2.87 
2.94 
2.99 
3.04 

2.44 
2.50 
2.50 
2.53 
2.56 
2.58 

3.47 
305G 

5::; 

3oG5 
3.GG 

301G 
3029 
3.32 
3.26 
3.22 

3.33 

3.36 
3.31 
3.26 
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IsQLJrvALlmr xl13T11sL~s13s 1m1z ‘1’1111 I,,, <IV c ,,, $fP(\,,,). C)S 1111~1:15121?ST COLUMNS AT 100°c, ANI.> Tl-l1S 
ISATIO Mo(l,,,)/Me(‘l’b) 1’012 *r,,lr. sAzI,z cos,~~7loss 
___.... .,, ..__ .___ _.__ ,.“____.. _ . .__. .._...._... _.. _.___ ._ . . _. ̂ _. _ _. 

The crluivnlcnt meth)rlcncs for the I,,l(C,,) on cliffwent columns, calculated by 
using tlic clntil in Tables III nnd V, are rcportcd in Tn1.h S. 

In the lower part of’ TaMc S, it can !x seen that tllc ratio ndc!(l,,,r)/nlc(‘l’~) is 
constant, The sanw values of Jfti(I,,r)/M~‘(Tb) arc found for all the other components 
with differcnt It. This nicnns that the variation of 1,&l bctwcen different isomers with 
tlic lialogcn atom in tllc I-, z- or 3-position is mainI>? conncctccl with the change in ll’b. 

As the polarity of the column incrcnses, tlic ratio n~c(l,,r)/nrc(Tb) increases, 
showing clearly that 1,&l deperlds on some polar effects in addition to the boiling point. 

Rclnbiotrslrif, bl!liC~C~9tt I,,r nud ~rrtoZcc~rrl~!nv vol~lutc, V,,,, The study of the correla- 
tions between I.,,/ and V,,, can lx ;~lso made by using the “ccluivnlcnt methylenes”, 
Mc( V,,,). 

In Table SI arc rcportccl tlic values of the differences V,,,(linlo) - V,&(P) and 
their ratios Mc( V,,,) to tlic hcrement of molecular volume between two consecutive 
nwrnlxrs of the rr-nlknnc scrics (A V,,,P). TIESC ratios tend to incrcnsc because in 

7115 hloI.IxzuI.nI~ voI.t.mii~ 01’ Ii,u_oc;IwA*rILi~ ccmIwusI.m, l,‘,,, (halo), ANU 
LISEAR I’AI~,\Irl:ISS I”,,,([‘), ASD 11~UIV,\LI~NT hIIlTl~IYI.ltSI~S I\dP( k’,,,). 

_........ _ .----...- ..,- -... . . _._- ._. _ _. . _... - . .._ . . _ . . .._..... - . ,. __._ __ ._ - 

Co,,,po,r,,c~s V,,,(Ci) -I’,,,(P) I,‘,,, (?3v) - I’.,,, (I’) l’,,,(I) - l’,,,(P) Ne( I’,,,) 
--_- 

Cl UY I 
.._-.__... .._ .._ ” ._ . 

I-Hd~prOpnC -0.21 Z-53 9.51 - 0.21 0079 
I -I-lnlobutnnc -\.I3 

g;; 
l.}.lH 0.27 o-47 WW 

I-l-hlolxmtnno 5.39 1.541 0.35 0.gG 1.02 
I-Hnl011cxn11o G*q I O..lQ IO.,.jO OS‘1 I O.GO .l so.5 
I-J4~IOllC~tililc? G.18 10.7.t 1K.5.t 0.38 o.GG I,I‘$ 

I-tlnlooctauc! 5.03 9.9 1 ‘7*34 04 3 0.61 I .oY 

2-Hnlopropnnc 520 5.73 II.81 0.25 0.48 0098 
I-I-lirlobutano 5.72 HdJ0 1.1.3.3 0.30 O,SQ O.Q.5 
,2-Hnlopcntnnc 6.71 io. i 8 l.~.I~J 043 0.65 0.Q I 
2-H:~tolIcstmc 74.3 10077 t7,S.t 0.50 0.68 rat.3 
a-I-lnlollcptanc 745 rz:2j I is.75 047 0.75 1.07 

3-1~lalopcntnnc 6&t 8.82 15405 044 0.57 0.97 
3.Hnlol~cxnnc 7.73 9.07 1 jj,$3 0049 0.58 O.Q8 
3.Hfllolwptanc 3.61 rr,o‘t 17.3.5 0.22 0.68 x.0; 



every liomolojious scrics the variation of molecular wci&t is constant, wliilc the 
density changes greatly for allcancs and less for the lialogenated compounds. 

Tllc ML!( V,,,) values for iodonlkanes increase slowly and are very close to unity. 
Tllc iodine atom, indcpcnclcntly of its position nnd of tile chain length, thcreforc gives 
a nearly constant contribution, and is practically equivalent to a methylene group. 
Tllis may bc clue to the fact that the atomic radius of iodine is very similar to the radius 
of a methyl group and tliercfore the steric hindrance of the molecule with It carbon 
atoms ancl one iodine atom is about the same as that of the corresponding molecule 
with It -I- I carbon atoms. 

As in tile cast of Ta, the regular bclinviour of Mc(V.,,,) pcrniits the calculation 
of the clensitv of some compounds when esperimental cleterminntion is not possible. 
The observation of irre@.llaritics in the l~eliaviour of Mc(‘l’b) or AZc(v,,,) showed 
clearly when incorrect values of Y’b or density were used for calculations. By axpcri- 
mental mcasuremcnt of the missing values or by using more recent literature values, 
such irregularities have disappeared. 

Some uncertainty still remains for I- and Z-halopropanes. Different values have, 
in fact, been reported by various workers for the densities of propane and butane at 
20~. The values usecl for calculation, taken from refs. IL+ ancl13, respectively, probably 
give low values of Mti(V,,,,). 

The low value for g-clhrol~cptane depends, in our opinion, on the high value of 
the clensity (o.SgGo g/ml) taken from ref. 5, which we unfortunately coulcl not clicck 
owing to the small amount of sample available. 

If one accepts, for this compound, a value of 0.5 for Mc( V,,,) on the basis of tile 
other values, a density of 0.5717 &ml can eventual!y be calculated, which seems to bc 
more similar to the densities of the isomeric compounds reported in Table I. 

In previous work l d it was noted that by empirically rnultiplyin~ the boiling 
point by the molecular volume, values roughly proportional to J,,l were obtained for 
linear and brancllccl iodoalkanes, because the fluctuation in Tb tencls to be balancecl 
by an opposite variation in Tfm, 

A similar observation may be made for linear clhro- and bromoalkanes, but a 
true linear clepenclence of 1,&i on (7’b - I/,J cannot be found. For every series, both 
I”.,,& ancl Z,,i are linear functions of 12, and therefore Z,,r depends linearly on 1/,,,. 

As previously seen, the dependence of Z,.I on cl’!, is expressed by a plot whicll is 
concave towards the Tb axis, as ~1’1’1, decreases when II. increases. Consequently, the 
plot of Jlcz against (r, - V,,J will show a similar curve, The deviation from linearity 
is small, and, especially for l&h-boiling compounds, interpolation or extrapolation of 
the plot is possible and will give the value of any required variable (J,&t, Tb or V,),) to a 
goocl npproxim:!tion. 
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