
Joirwal of Clrronrat3pz~hyry, 76 (1973) r 15-Izq 

@I Elscvicr Scientific Publishiny Cornlx~ny, Amsterclan; --- LJrintccl in ‘l’hc Ncthcrlnmls 

CHROM, 6402 

DETERMINATION OF COMPLEX ASSOCIATION CONSTANTS FROM 

CHROMATOCJRAI’I-IIC DATA 

II. COMPLEXES OF SILVER IONS WITI-I SUBSTITUTED ALKEN 

ETHYLENE GLYCOL AT 40°C 

ES 

GAS 

IN 

Association constants of substituted alkenes with silver ions in ethylene glycol 
have been determined by means of a previously proposed gas chromatographic 
methocl. 

The results have been interpreted in terms of the electronic and steric effects 
of the substituents and have given some indication of the type of bonding in these 
compleses, 

Some data are given on the salting out of organic compounds by electrolyte 
solutions in ethylene glycol. 

IXTRODUCTION 

In a previous paper’, a method was described for the determination of complex 
association constants from gas chromatographic data. The novel features of this 
method are that the equilibria involved are represented in terms of activities (rather 
than concentrations, as is usually done) and that a reference solute is used, This has 
the advantage that activity cocflicients partially cancel and that only ~Zntive retention 
volumes are required. 

This method has now been applied to the determination of association constants 
of complexes of silver ions with substituted alkenes in ethylene glycol at 40~. 

Alkene-silver ion compleses are both theoretically interesting and practically 
important, c-g., for the gas chromatogrsphic separation of alkene isomer+7 and the 
thin-layer chromatographic separation of unsaturated lipids and terpeness. 

Our aims were (I) to demonstrate the application of the proposed method, 
(2) to assess the importance of electronic and steric effects of substituents on alkene- 
silver ion association and (3) to elucidate some details of the bonding in these com- 
plexes, 
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THEORETICAL 

Ihtowinntio~c of corir~k~x ~.ssocintio~c constwts front gas clrroa~atogva~lric dntn 
The determination is based on eqn. Sa of ref. I: 

where : 
V = retention volume, corrected for the gas hold-up in the apparatus, at the 

mean column pressure and the column temperature, 
A = complex-forming solute (in this instance an alkene). 
A* =: solute that is closely related to A but does not form a ~omplcs (in this 

instance the corresponding saturated compound). 
S = solvent (in this instance ethylene glycol). 
B = complex-forming compound, dissolved in S (in tllis instance AgNO,). 
c = compound that is closely related to 13 but does not form a complex 

(in this instance LiNO,). 
.V = mole fraction. 
I&. = association constant (mole fraction .scalc). 
f = activity coefficient (mole fraction scale), 
In the present work we prefer to use the molality scale. Then eqn. I becomes: 

(2) 

It follows from eqn. 2 that, apart from ‘Jrtn, only the ratios of the retention 
volumes of A and A *, on columns containing the complex-forming stationary phase 
S + B and the reference stationary phase S -t- C, must be measured. These ratios 
are simply equal to the ratios of the corresponding distances on the recorder chart. 
No knowledge of the amount of stationary phase, inlet and outlet pressure, room 
temperature, gas velocity and recorder chart speed is required, Further, any effects 
of adsorption of the solutes on the support or on the surface of the stationary phase, 
of non-zero sample size and non-ideality of the column on the retention volume will 
cancel out for a large part. 

However, we determined also the individual retention volumes, so as to be 
able to judge if appropriate reference stationary phases and reference solutes had 
been chosen a 

The standard solvent, in which the activity coefficients y are by definition 
equal to unity, can be chosen arbitrarily. In the present instance, the most appropriate 
standard solvent is ethylene glycol, Accordingly, we determined the right-hand side 
of eqn. 2 for llzg = 0.25, I, z and 3 M AgNO, and then calculated I”,* in ethylene 
glycol by a linear extrapolation to ~tg = o by the method of least squares, 

Co9n+lcxcs of silver ions ad wtsntztratcd con~~~oznzds 
The bonding in these complexes can be described in the following wayD: a 
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a-type bond, which is the result of the donation of x-electrons from the occupied z$ 
bonding orbital of the unsaturated compound into the vacant 5s orbital of the silver 
ion, and a n-type bond, which is the result of back-donation of c&elcctrons from 
occupied 4tE orbitals of the silver ion into the unoccupied SC*-z$ antibonding orbitals 
of the unsaturated compound, 

Both the o- and z-type bonds are important for complex stability. Their 
relative importance can be judged from the electronic effects of substituents on 
stability. An increased electron density at the carbon-carbon double bond should 
enhance a-type formation and weaken the n-type bond. 

The association constants of benzenelO and styreneli derivatives are larger 
as the substituents are more electron-donating, Furthermore, a calculation of the 
stabilization energy due to delocalization of n-electrons from the occupied carbon 
2% orbitals of the aromatic hydrocarbon to the 5s orbital of the silver ion, thus 
taking into account only u-type bonding, has presented values which indeed are a 
measure of the relative stabilities of complexes of monosubstituted benzenes and 
styrenesla~ia. Consequently, a-type bonding seems to enhance the stability of arene- 
silver ion complexes. 

For alkene-silver ion complexes, the situation is less cleariJ. On the one hand, 
the association constants of vinyl derivatives seem to be larger as the substituents 
are more electron-donating 16. Wowever, it is possible that steric effects play a large 
role in this instance, On the other hand, from a theoretical analysis of the electronic 
structure of the cyclohexene-silver ion complex, it was concluded that the d-electrons 
of the silver ion contribute appreciably to the stabilization of alkene-silver ion com- 
plexes; from this it was concluded that the c-type and z-type contributions might 
be equally importanP. 

EXPERIMENTAL 

Chcncicals 
The alkenes and the corresponding saturated compounds, of the purest quality 

available, were obtained from I?luka, Baker or Merck, Ethyl propyl ether was syn- 
thesized by the authors. Ethylene glycol, AgNO, and LiNO,, all p.a, grade, were 
obtained from Merck, Drijfhout and U.C.B., respectively, Kieselguhr I<, rgo-zoo 
mesh, washed with acid and alkali (Camag), was used as the support for the stationary 
phase. 

Aj5pavnlus 
A Becker gas chromatograph equipped with a flame ionization detector was 

used. 

Procedure 
Stainless-steel columns, length z m, I.D. 4 mm, were used. 
To depress adsorption effects, a large amount of stationary phase (40 %) was 

used. 
Columns containing the following stationary phases - ethylene glycol or 0.~3, 

Z, z or 3 M AgNO, or I, 2 or 3 M LiNOa - were prepared by dissolving the com- 
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poncnts of tile stationary phase in methanol, adding the support and evaporating 
the methanol in a rotating evaporator still at 40”. With the &NO, columns, all 
manipulations were carried out in darkness and in a nitrogen atmosphere. 

Notwithstanding these precautions, some decomposition of the &NO, 
columns occurred during the preparation, during t11c measurements and even during 
storage at -100 in a nitrogen atmosphere. 

Therefore, measurements on a standard, ,rt-heptene, tvcre made each day 
when the columns were in use and also after completion of the determinations. 
Immediately afterwards, tile molality of the silver nitrate was calculated from the 
amounts of silver nitrate and of stationary phase in the column. The former was 
determined by potentiometric titration of part of the column Mling with 0.1 M 
NaCl, the latter by estraction of another part of the column filling with methanol, 
Then, the right-hand side of cqn. 2 was calculated for the standard qc-heptene, and, 
assuming that its value is not influenced by the proceeding decomposition, the 
molality of the silver nitrate on each day when the columns had been in use was 
calculated. 

To be able to calculate tile individual retention volumes per gram of ethylene 
glycol, the amount of ethylene glycol in the reference columns was determined by 
drying the filling at 110'. 

Samples of z-z50 ,x1 of the vapour above a mixture of an alkene and the 
corresponding saturated compound were injected by means of Hamilton gas-tight 
syringes, together with some methane as a dead-volume marker. The amount of 
vapour was chosen so that a convenient peak height was observed. It was verified 
that variation of sample size from 5 to 50 /A, for lieptane and lieptene on ethylene 
glycol and I M AgNO,, did not influcncc the retention volumes. 

All measurements were made in duplicate. 

RESULTS 

Tllo results are given in Tables 1 and II. 

DISCUSSION 

One may raise the question whether it is necessary to use as tile reference 
stationary phase a LiNO:, solution of the same molality as that of the &NO, in the 
comples~forniing stationary pliasc, and wlictlier pure ethylene glycol is not just as 
good a reference stationary phase. 

This is equivalent to the question wliether (I/’ A*/~,I)s + cl depends on the LiNO, 
molality, which can be judged from the clata in Table III. 

It follows that (V,l*/IT ) ,I .s+ c for normal and branched alkane-alkene pairs 
increases slightly with increasing LiNO, molality, whereas this ratio decreases 
slightly for substituted alkane-alkcne pairs. It is therefore advisable to use LiNO, 
solutions of the appropriate molalities as reference stationary phases. 

Choicl! of t?kc rl~~CYc?aCE sol14te 
Whether or not the choice of the reference solute is very critical can be judged 

from the values of V,~*(S + c#,i*(s + n) in Table IV. 
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NET IZETIENTION VOLUME, I/ (Cl11:‘), PISIt GItAhl 01’ lWIlYLl~NI3 GLYCOL, AT TCIlZ MILAN COLUMN I’I~I3.8SIJIW 

AND A COLUMN TEBIPEfi,\TUIU3 OB 40” 

SOllllC Slaliorrary pknsc 

FropcIl” 

l3Lltcllc-J 

Pontcllc-I 

I-IO.SCllC-I 

I-k?ptc110-I 

Octcnc-I 

~-~‘Tcthylbutcllc-l~ 

3,3-DiIiIcthylbutcnc-I 

2.ltfctllylhcscllo-* 
3.Ricthylhcxcnc- 1 
4-&llcthylhc.xcnc-I 
5.XIcthylllcscllc-I 
All_1 chlorirlc 
Ally1 brolniclc 
Ally1 ioditlc 

Ethyl ally1 ctlwr 

Ally1 mctirtc 
l’ro]Yi~llc 

UIlti1llC 

Pe11tar1c 

Hc.sa11c 

FIc]Ytallc 

Octnnc 
2.ilfcthyltutnllc 

z,z-Dimcthylbutal~c 

2.Mcthyl11cs;111c 

3-Mcthylhcsnno 

Propyl chloride 

Propyl broiiiiclc 
l’ropyl iocliclc 
Ethyl propyl ether 
I’ropyl mctntc 

0*39 

0.77 
I.28 

2035 
4+ti5 

G*79 
0.94 
1~15 
4.28 
2.79 

343 
3.1o 

16~4 
34,s 
71.9 
26.0 

1Llg.0 

<).I<, 

0.38 

0.7-I 
1 c.b1 
2,33 
4,OO 
a.62 
0.78 

167s 
a.06 

IO,1 
20.9 
40.9 

l4.3 
132.8 

0,go 

I .YY 

2,rJ‘) 

5019 
Y,GH 

1442 
2,25 

2855 

6074 
5#59 
6,31 
6,72 

.l H , G 
r49.6 
15’2.4 

33a4 
197-G 

0.19 
0.36 

“*77 
I ,3c1 
?.30 

3.W) 
ooS9 

o*77 
1.76 
‘2.02 

lo,3 
21.9 

lOI, 

r3.G 

123.5 

o..ta 3.42 
“,77 7.52 
1.30 IO.9 
2.22 18.7 

3.69 30.5 
6.05 48-5 
0.94 9.1s 
I *up (J.87 

4.01 19.1 

2.61 IcJ.1 
3.21 10.1 

2.93 24.2 

16,~ 3us3 
34*6 199,6 
69,2 198.0 

24.3 77.1 
17H.o 3Gs.t 

0.19 0.17 
0.39 o.3H 

“-73 0.7” 
1.27 1.21 

3.lG 2.18 
g.G(i 3.55 
Ll,60 o.Go 
0.79 II.80 
1.69 1 s6.1 
i .92 1.93 

10.0 10.9 
20.R 26.8 

39*7 103.G 

13-3 13.9 
127,o 128.4 

0437 
0.64 
107 

’ *75 
2.Y8 

4#70 
0.8 I 
0.89 
3,ro 
2.03 
2.38 
3.24 

13,s 
2g.1 

57.8 
22.2 

I ‘X)*7 
o,15 
0,31 
Cl,61 
0.99 
I .6G 
a,92 

“*53 
0.63 
1.29 

la53 
Ha.30 

17#1 
31.6 
1107 

121.2 

fJ , ‘2 8 

r3.r 
18.5 

30.7 
47.7 
73*5 
IS*9 
If-l.3 

29.5 
30, I 
31#3 
38.G 

39.7 
216.1 

215.4 
117.0 

536.0 
0.1.5 
0.31 
0.63 
0.98 

la.59 

2.77 
0.53 
o.63 

I.33 
I ,.I’) 
9-4.5 

82.5 
8.+0 
11.3 

lOis6 

0.23 s85 
0.50 20,o 
0.82 2G,3 

J *35 43-S 
2.14 G&o 

3.58 99-7 
o.Ga 22.8 
0.07 23.9 
2.31 JO*3 
I.52 4I*5 
1.84 42,9 
1.G3 5304 

Il.5 5309 
24.1 250.G 

46.9 251.8 
18.7 170-3 

159.3 7G8,b 
0.11 0.14 
0.20 0.24 
0.$2 0044 
1.76 0.78 
1.33 1.35 
2.29 2.42 
o.4r 0.4r 
0.52 0053 
rev3 1~07 
I.20 1.27 
6.85 8.63 

13.9 7o.G 

2.5.9 71,s 

9.5 IO,0 
114.4 9603 

-__-_ 

TABLE II 

l.,ECIZEASE OP TI.l& &NO, LIOLALITS, 1Jlyt 
-.. .-- 

0.35 M AgNO, I IV1 AjiAc’O, 

Date JH II Ddc! )J1/1 

10,11.1g7r 0. rg rg,10,1g71 o*97 22.10,1g71 I .92 2g.10.1g71 3.00 
11,11.1g71 0.17 18.10.1971 0.95 2fj.lO.1971 I .90 1.11 .I971 2.99 

” x2,1 1.1g7r 0.1g rg.ro,rg7r 0.94 2G,10,1971 I s84 2.11.1g71 z-97 
22, 3,1g72 0.14 20.10,1971 0.g1 27~lO.lg71 I.79 3.11.1g71 2.93 

28;‘3S972 0088 29, 3oI971 I.75 4. 4.1972 2,SB 
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TABLE III 

INFLVENCIS OF THE LiNO, BIOLI\LI~‘Y ON i’,l*/vn 

I-Icsallc-llcsclIc- I 
I-Icptnllc-lloptcll~-I 
Octullc-octc11c-I 
2-RIcthylhcsallc-;!~~.~~~~~-2-~nctl~~~ll~c.~cnc-~ 
3-JIctllplllcsnl~c-J-llctll)‘lhcscll~-1 
3-hrcthylhcsarlc-4-lleth?‘lh~s~llc-r 
o-JIcthylhcsallc?-s-mothglhcscllc-r 
Propyl cl~loxitlc-nllpl chloride 
Propyl bromitlc-ally1 bromide 
Propyl iodicle-ally1 iotlitlc 
Ethyl proppl cthcr-ethyl ally1 ctlwr 
Propyl ;U.Xtntc-ally1 WZfJtil.tC 

O-57 
0657 
0.59 
0.4 I 
Oa7-l 
0.60 
0.56 
0062 
0.00 

OS.57 
O*SS 
O-72 

“a57 
0.gY 

0.0 f 

o.q.2 

a.73 
0.60 
O.gY 

0.62 
0.00 

C’*57 
~J~S!i 
0071 

TABLL~ IV 

VALLrlw OF V#p(S_~C)/ I ‘,(*(s+n) 

I-1csEt11c 
EIClYtiLlll2 
Octur1c 
2-hlctllylhl?.snllc 
3.hIctllylllcsnllc 
Ethyl propyl cthcr 
J’ropyl scctatc 
Propyl cliloritlc 
Propyl broiiiitlo 
l?ropyl ioclidc 

It follows that three cases can be distinguished: 
(I) for normal or branched allcancs and ethyl propyl ether, neither the in- 

dividual values of VA* (s+ c)/C/~~* (s-k n) at the various molslities nor their means 
show any effect of size or shape of the alkane, the ratios being close to unity ; 

(2) for the strongly polar propyl acetate, the ratio is much greater than unity; 
(3) for the propyl halides, the ratio is much less than unity. This is probably 

caused by complex formation of the alkyl halides with silver ion”. For propyl chloride, 
an association constant IC,n = 0.09 is found (omitting the reference solute). This 
association constant is so small that we think it is possible to determine tile associa- 
tion constant of silver ion with the double bond in ally1 chloride, using propyl chloride 
as the reference solute. For propyl bromide and iodide, the values of &qnyn/ynn 
are larger and vary irregularly with the silver nitrate molality. Consequently, we 
think it is impossible to determine the association constant of silver ion with the 
double bond in ally1 bromide or iodide. 
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A ssocintion comtnnts 
The values of K,ny,iy~/y,~~ and IC 71c are given in Table V. A representative 

example of the extrapolation of the values of Knby,~y~3/y~~, to K,,, is shown in Fig. 1. 
Also given in Table V, for comparison with literature data, are the values of 

I<, = K,,,/d (tl - density of ethylcnc glycolls). Our data are in good agreement with 
those of CVETANOVIC et ~~2.~0, but differ considerably from those of MUHS AND WmsP. 

‘JXe latter are lower than our data, except for propene and butene. 
The cause of the difference is two-fold, as is illustrated in Pig. 2, where data 

from our work and from MUHS AND WEISS on the retention volumes of pentene on 
etllylcne glycol and AgNO, columns are compared. 

. Firstly the values of MUHSAND WEISS of the retention volumes of the alkenes 
on ethylene glycol are higher than ours. The difference increases with increasing 
chain-length of the nlkene, up to a factor of 2 for octenc. This is probably caused by 

T.-\I31,1:: v 

IJIWp~llC 

13utc11c-r 

I'elltCllC-I 

Hcscw- I 
licptcllc- I 

Octcllc- I 

~-~fcthyll~utol~c--l 

3,3-Ui~ncthyll~ut~ll 
z-Mcthvlhc.swc- I 
3-Mcth~lhcscnc-r 
,+-Mcthylhcscm-1 
~-AMcthylhcscnc-1 
Altyl chloriclc 
Ethyl nllpl cthcr 
Ally1 acctatc 

X0.7 6.8 f 044 9-I 

10.5 7.0 f a,4 

::; r ::I: 

94’) 6.2 & 0~4 5.6 5.2 ;:: 

10.0 6.6 =t: 043 6.0 4.3 
g.i> 6.0 f 002 3~2 
S,.} 5-9 * oa3 ;::: 2.6 

I r,.t 6.5 f os7 5.9 6.1 501 
10.6 6.G f 0.3 G.0 3.6 

5.3 3.0 rt: 0,2 
8.3 505 z!.z 0,x 5 .o 2.7 
8.5 4.0 & a,2 3-o 2.3 

10.3 5,s & O-4 .5*3 3*1 
o.r)zc o&a & 0.03 
a.@ 1,s & 0,x 

I .G1U 0.87 & 0006 
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m0 

m 

adsorption on the SUrfXC of tlw SkI_ti(mwy phcw (idL’HS AXI) \vIIISs Uwd 0111y 

22 wt.-% ctllylenc glycol, whercns we used .+owt.-“/b), or by an irlcrcnsc of the distribu- 
tion coefficient due to their mucl~ larger siLml)le size (nlorc tlliln an orclcr of magnitude 
larger than ours). 

Scconclly, the valuesof iVIuMs r\Nl~ CWrss of the rctcntion volumes 011 .Q!NO, 
cohuns are lower than ours, probably IXXi~USC? thy did not tnlcc into accnunt the 
decomposition of &NO, columns during pralwntion, storage and WC. 

I:f~rclr~orlic L!gccts of silbstitrrc~sts 

In the compowds investigntccl. rcsonancc! htwecn the substitucnts and the 
reaction centre is iml~ossil~le. Thcreforc, the following functionxl relationship can be 
espected : 

(3) 

where Kg is the association constant of the uusubstitutcd alkenc (propenc), pl 
is the reaction constant and c31 (ref. 25) is the inductive substituent constant. 

Fig. 3 shows that this relationship is very well obeyed by the substituents 
-CH,, -OC,H,. -OCOCH3 and -Cl, nnd /, is -2.3. This means that the association 
constants are much larger as the substitucnts arc more electron donating,, which 
is another argument in favour of the view thnt n-type bonding predominates in the 
stability of alkene-silver ion compleses , as it appears todoh the case of arenosilvcr 
ion compleses. 

It is interesting that tlie substituent -OCOCH,, conforms to cqn. 3. This 
sllows that the chelatc 

cw~- 0 cc: \ 

II ‘b 
“*e”‘-- rcu3 

=% 
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.12 1 , 

-0.1 0 0.1 0.2 a3 0.4 0.5 0.6 

*J 
m 

Icig!. 3, T.ol: /\‘,,/A$, LCS it Iumtion of 01, 

is not formecl. Cl~clates of this type have been suggested ” IJUt WC WhZlX to thC 

vicwDe that it is doubtful that osygcn ccmpouncls form clielates with silver ion. 

\VIicrcas even tlwce nictliyl sulAitucnts at position 3 do not cscrt it significant 
steric effect, tlic data on hcptcnc, octcnc and 3-nictl~yll~csenc show tllat a-butyl 
and larger wtllcyl groups, or tlic coml~ination of a nictliyl and an w-propyl group, 
nttnclied to position 3, have a slight stcric effect. 

The data on Iiesenc, the iiietlyllwsencs and Iicptcnc show that the steric 
effect of a methyl group clepcnds as follows on its position: 2>4>3>5>6. Tlw 
same sequence wns fouricl by MuHs AsI> W111ss~~. 

Snllillg ozll hy .I..iiVO,, solarlioris iI/. dh)hxl: glycol 
Our data on tlw retention volurncs on ethylcnc glycol and LiNO:, columns 

can be used to investigntc the salting out of organic cornIxnu~cls by LiNO:, solutions 
in ctlylcne glycol. The activity coeflicicnt of l&e con~pouncl concerned in a LiNO, 
solution, rcferrcd to pure ctliylcnc glycol, is given by : 

b Y = bi! v,s,/v,s+c, (4) 

It follows from our data. that log y is not influenced by the siac or shape of the 

1’;\I31415 \‘I 

VALU1~8 OF LOG y = LclCi I)(,y)/l~‘(&..,,~q 

Cor,r/mr,,rd!s I 111 L%NO,, 2 ~11 r:iNO,, 3 ~11 J:iNO,, 

t\llGlllL’s, ELlltcnl!s 0.02 0.12 
1Cthyl propvl ctliw, cthvl ally1 cthcr 

0.25 

Propyl lmlib2s, clllyl hniiclcs 
o-3 0.08 0.lf-l 

0.01 o.o() 
Propyl :vxtatc, 11llyl ncctatc 

n.17 
0.01 0.04 0.07 
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compound concerned or by the prescncc of a double bond. Log y decreases as the 
polarity incrcnscs, in accordance with cspcctntion *3, Our data can be summarized as 
shown in Table VI. 

COXCJ.L'SIONS 

Association constants of substituted ZIlliCIlCS with silver ions in etllylene 
glycol cau be determined with a precision of about 5 o/b, by means of a gas cllromato- 
graphic method in wliicli LiNO, solutions hi ethylene glycol are used as refcrcnce 
stationary phases and the corresponding substituted alkanes as reference solutes. 

The association constants correlate very well with the inductive ,yl con- 
stants of tlw substituents. The reaction constant is - 2.3, which means that the 
sssociatiou constant is much greater as the substituent is more electron donating. 

Consequently, b-type bonding predominates in the stability of allccne-silver ion 
coIllplcses. 

When large allcyl groups arc substituted at position 3, steric cffccts become 
apparent and the association constant decreases. 

The steric effect of a methyl group depends as follows on its position : 

2>4>3>5>6 
Salting out of organic compounds by LiNO, solutions in ethylene glycol 

depends only on their polarity, not on their size or shape or on the presence of a 
double bond. 
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