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QUANTITATIVE AND QUALITATIVE ANALYSIS OF 
POLYCHLORINATED BIPHENYLS BY GAS-LIQUID 
CHROMATOGRAPHY AND FLAME IONIZATION DETECTION 

I. ONE TO THREE CHLORINE ATOMS 
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Ketention indices OII sis liquid phases are gi\*cn for the mono-, di- and trichloro- 
biphenyls, and tile additivity of llalf-retention index values in predicting retention 
indices is confirmed fr,r these compounds. 

A method is given for predicting the relative molar response of the hydrogen 
flame ionization d&ector to I~lychlorinated biphcnyls for whicil no pure standard is 
available. Solute-wlvcnt interactions lxztwwzn these “non-polar” compounds and a 
variety of liquid phases are discussed. 

Polychlorinatcd biptwnyls (PCHs) are generally assayed in estractsof biological 
materials by ga+liquid chromatography (GM). Analytical conditions are usually 
tlrose en~pluyed for clrlorinatcrd pesticides, involving such liquid phases as SE-30 (or 
ov-1, OF=101)‘-8. lx-zoojQl~-I’, cw SE&P. Apicwn I, has been reported to give 
greater rewlution of tlw many components in the Aroclllor series of commercial PC13 
mixtures than a large numlwr of other liquid phases testcdn. Even with Apiezon L, 
lmveucr, long capillary or SCOT colu~i~ns arc required for rcwlution of the large 
numl~r r:bf similar ilw~mew fmxming in the ArocMors*. 

Quantitatiw analysis for PCi3s iscoml~licatc~.! by tlw number of peaks appearing 
on chromato~ams and by tlw variation in detector rcslxmse to eac.h component. This 
variation fllili’ be 3000-fold using an electron capture detcctofl. Although a correlation 
twtwclcn total electron capture peak a.rea and amount of a particular mixture of 
IKiSs can tw made?, i\Tly varirrtiorr in t.he relative composition of the mixture will 
C~USC ItIl unprcuiictablt~ change in tlrc total peak arca rcspw~?. This is particularly 
trC~Ubk.scJlW in ilIlill~ZiI3g KHs cxtracttd from biological materials, since the PClj 
mixtures obtaind often do not exact.ly match any of the commercial PCB mixtures. 

STAr.1,1 NC9 tliLS rwomnrended l”“gr;ttrrniLvf-tcmlw?raturc gas chromatography 011 
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SCOT columns using electrolytic conductivity or microcoulomctric detectors for 
reliable quantitative analysis of PCB mixtures. In eonjunction with mass spectrometry 
both to confirm the identification of a given peak as being due to a PCB, and to 
determine the number of chlorine atoms per molecule (necessary for quantitation by 
microcoulometry), this recommended procedure should indeed cope adequately with 
the major problems in PCB analysis where large numbers of PCB isomers are involved. 

Increasing interest in environmental aspects of PCBs and development of 
specific methods for the synthesis of many individual isomerssJ0 may be expected to 
result in an increasing amount of research involving less complex mixtures of PCBs 
than those discussed above. Preparative fractionation of a small number of very 
similar isomers’ will become increasingly necessary to those involved in synthetic 
work, Accordingly, we have studied the GLC properties of the PCBs on a variety of 
liquid phases using packed columns. Results for the PCBs having up to three chlorine 
atoms per molecule are presented in detail here, with some information on a few 
higher analogues. 

MATERIALS AND METHODS 

GLC liquid phases and solid supports were from Applied Science Laboratories, 
Inc., State College, Pa., and from Supelco, Inc., Bellefonte, Pa. Sources for the PCBs 
including those synthesized here have been described elsewhererr. 

ROWRSCWNEIDER constants, where not available in the literature, were deter- 
mined as described originallyl* except that the column loadings were not 20% liquid 
phase. The constants so determined are therefore “apparent” and apply strictly only 
to, the specified loading on the specified solid support. (For published ROWRSCWNELDER 
constants see ref. 13) 

Varian Aerograph Model 1200 and Hewlett-Packard Model 5750 gas chromato- 
graphs, both equipped with hydrogen flame ionization detectors,and I-mV recorders 
were used for these studies. Injection port and detector temperatures were 260~ and 
3oo”, respectively. Hydrogen and air flows were 30 and 320 ml/min, respectively. 
Samples were.injected in less than ‘5 ,ul of ut-heptane or methylenc chloride. 

The columns used in this study were 0.318 cm (O.D.) stainless steel, packed by 
vibration while, drawing an aspirator vacuum at the outlet end. Ends were plugged 
with silylated. glass wool. Column packings were as follows : (I) OV-IOI, ZOO/~ on 80- 
Zoo mesh High,Performance Chromosorb W, column length 3 m; (2) Versilube,P-50, 
5%’ on 80-100 mesh High Performance Chromosorb W, column length 2.75 m; (3) 
Apiezon.L, 6% on 100-120 mesh AW Chromosorb W, column length 2 m; (4) OV-17, 
10% on 80-100 mesh Supelcoport, column length 3 m; (5) OV-225, 10% on.80-zoo 
mesh’ 5 .Supelcoport; column length 2’.5 m; (4) cyclohexanedimethanol succinate 
(CWDMS);.3% on 100-120 mesh Gas-Clirom Q, column length 4 m. Some samples 
were ‘run on two additional columns: a, I* m x 0.2 cm (I.D.) column packed with 4% 
para@n wax on 804zoo mesh High Performance Chromosorb W; and a 3 m x ‘0.2 cm ‘rt 
(I.~.)~,c&.in& packed with 5% purified.Apiezon L on 100-120 mesh ‘Gas-Chrom Q. 
. ,!,. For the latter, I g:of Apiezori L was passed’through a columrrof 50 g of Florisil ” 

,ii;i :&hep&ne:’ 0.75 g -of, colorless grease was eluted with 300 #ml of n-heptane, after 
which 0:23 .‘g;of orange wax was eluted with 250 ml of 5% methyl acetate in uc-heptane. 
The’whitegrease showed only aliphatic ,hydrocarbon absorption in the infrared and 
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POLYCHLORINhTED BIPHENYLS BY GLC AND I’ID 275 

had the same thermal stability as a GLC liquid phase as Apiezon L. This white 
material is here referred to as purified Apiezon L. 

Retention indices (R.I.) were determined graphically12 at the column tempcra- 
tures specified below by injecting mixtures of PCBs and N-alkanes. Indices were 
calculated for those PCB’s for which no standards were available by making use of 
the additivity of Q (R.I.) values for the two substituted phenyl groups. This additivity 
has been shown to hold with Apiezon L*, and our results show that it holds with the 
other liquid phases tested here as well. 

Quantitation was in terms of peak area measured with a Disc integrator. Molar 
responses relative to biphenyl (set equal to 300) were determined, and the data pre- 
sented here are averages of at least six determinations for each compound, Group 
response factors were determined from the relative molar responses to biphenyl, the 
monochlorobiphenyls, 2,3-, 2,4’-, 2,6- and 3,4-dichlorobiphenyls, and 2,4,4’-trichloro- 
biphenyl. Relative molar responses were predicted for the other PCB standards 
available and compared with their experimentally observed response values. After 
finding good agreement between predicted and observed responses to the standards, 
responses to the other compounds of concern to this paper were calculated. 

RESULTS AND DISCUSSION 

A comparison of calculated and observed relative molar responses for eighteen 
PCEs is given in Table 1, and it is noteworthy that the relative molar flame responses 
do not differ by more than 60% for any of the PCBs tested. 

TABLE I 

RELATIVE MOLAR FLAME RESI’ONSES~ OF SOME REFERENCE I%& 

PCB’J Calculate& Observcd~~ 

2,2’ 98 f2 
2,4 81 f I.5 
3,3; 

;:;# 
“sz A2 
79 2s 

2,5,2’ 87 f3 
3&z 79 =t3 
3,4,2’ 83.5 f 3 
314#3’ 81.5 & 2.5 

z,G,z’,G 90 f4 
2,5,2’s’ 84 & 2.5 
2,4,2’.4’ 78 f3 
2~3~5~6 -& 3 
2~3e4.5 z: &4 
3s13’.5’ 76 f 3.5 
3,4.3’.4’ 85 f 4.5 
2,4,5.2’s 7995 f 4.5 
2.4&2’,4’.5 86.5 f 3 

96 
83 
91 
82 

% 

:; 
81 

87 
8G 
84 
69 
84 
82 
84 
83 
88 

a Molar flame response relative to biphenyl = JOO. 
1’ The biphenyl positiolyl substituted with chlorine arc given. 
c Errors are confidence limits for the calculstions described in text. 
d Averages of 6-15 determinations; all =t: J (SD.). 
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TABLE II 

RETENTION INDICES ON DIPPBRENT LIQUID PHASES AND RELATIVE MOLAR RESPONSES FOR PC& 

Com~o1cizd~ Rctcntion index values Relative 
molar 

0 V-101 E-50 Apiezon L 0 V-17 0 V-235 
2oo” 

CHDMS ~cs~onsc~‘~c 
300° 205 2oo” 1goo 300° 

’ s 

Bicyclohexyl 
Biphcnyl 
2 

3 
4 
2,6 
2,2’ 
2,s 
214 
283’ 
2,4’ 
213 
315, 

;:: 
3,4’ 
4,4’ 
216,~’ 
2,5,2’ 
2,4,2’ 
2,6,3’ 
2,6,4’ 
2,3,2’ 
2,4,5 
3,512’ 
2,5,3’ 
2,5,4’ 
2,413’ 
2,414’ 
2,3,3’ 
2,3,4’ 
3,4,2’ 
3,583’ 
3,514’ 
3,4,3’ 
3,414’ 
2,6.2*,6’ 

2,5,2’,s’ 
2,4,2’,4’ 
2,3,5,6 
2,3,2’,3’ 
2,384,s 
3,5,3’s’ 
3,4,3’,4’ 
2,4,5,2’,5’ 
2,4,5,2’,4’,5’ 

1360 
1396 
1509 
1575 
1584 
1619 
1621 
I658 
1667 
I.688 

1695 
1696 
1721 

I756 
1763 
I764 
1774 
I735 
1772 
1779 
I799 
1808 
I 8og 
1830 
1833 
1837 
1848 
1849 
1855 
1875 
1885 
I 8go 
IQ00 
19x0 

I958 
1967 
1840 

1930 
I938 
I955 
I998 
2039 
2045 
2161 
2095 
2262 

1364 
1408 
1519 
= 593 
IGOI 
1628 
1G2g 

I674 
I679 
I.696 

1707 
1703 
1738 
I775 
1779 
1780 

I789 
1737 
1784 
1788 
1811 
18rg 
1815 
1831 
I a40 
1858 
1866 
I 862 
I 870 
I 889 
I897 
1889 
1914 
1922 
I963 
I971 
I 848 

I935 
IQ41 
1959 
2005 

2043 
2052 
2156 
2ogG 
2250 

1424 “448 1495 I517 
1490 1656 1831 2001 

I578 1792 1969 2120 
1678 1854 2060 2247 
1.G88 I875 2080 2267 

1679 1913 2105 2246 
1670 IgI8 2123 2264 

I748 1942 213G 2319 
1757 1941 2140 2318 

1763 1990 2I9S 2376 
1782 2012 2203 2382 

I772 1995 2215 2370 
1842 I982 2208 2424 
I 870 2047 2292 2512 
1881 2058 2315 2516 
1880 2073 23~8 2520 
189s 2093 2342 2557 
1765 2049 2243 2381 
1831 2080 2275 2446 
1848 2080 2284 2457 
1866 2112 2334 2511 
1878 2 132 2400 2536 
1864 2132 2355 2496 
I925 2106 2312 2514 
I932 2118 2357 2S5= 
I932 2 142 2366 2570 
I944 2163 2389 2592 
I949 2141 2375 2574 
1962 2162 2398 2597 
I963 2 I93 2445 2G22 

1971 2214 2468 2643 
I975 2217 2458 2652 
2029 2180 2438 2676 
2041 2239 24GI 2697 
2073 2279 2550 2772 
2085 2303 2570 2792 
1859 2163 2380 2526 
1995 2232 2442 2G42 
2027 2230 2464 2650 
2020 2221 2452 2Gr2 

2055 2335 2599 2745 
2127 2330 2570 2750 
2192 2310 2587 2848 
2282 2553 2802 3055 
2175 2375 2618 2830 

2356 2558 2800 3025 

121 
100 

97 
89 
84 
88 
96 
8G 
83 
96 
91 
87 
78 
9I 
83 
.82 

e; 
88 
82 

87 
82 
90 
80 

z; 
80 
80 

76 
87 
82 

83 
77 

z: 

z; 
86 

84 
69 
89 
84 
82 

84 - 
83 
88 

D 0,uly the positions substituted with chlorine arc indicated for the PCBs. 
b Relative to biphenyl = zoo. 

.-~~~~~~.~~~~~Observed for reference compounds listed in the text, cslculatcd for the others. 
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POLYCWLORLNATEDBIPI-IENYLSBY GLC AND FID 277 

The calculated responses were derived as follows: The bipbenyl skeleton was 
arbitrarily assigned a response value of IOO. Substitution of chlorine into positions 2, 

2', 6, or 6’ required that 3 response units be subtracted for each such substitution, and 
6 additional units be subtracted for each such substitution after the J%rst (a “twist” 
correction). This “twist” factor has also been observed in the electron capture response 
of these compounds 14. Each chlorine at positions 3, 3’, 5, or 5’ required that XI units 
be subtracted, and 16 units were subtracted for each substitution at 4 or 4’. If both 
phenyl rings were substituted, IO units were added for each chlorine in the least 
substituted ring (“transanular” correction). Substitution of chlorine adjacent to 
another chlorine raised the response by 1.5 units for each 2,3- (or 5,G-), and 9.5 units 
for each 3,,4,- (or 4,5-) substitution (“vicinal” corrections). Confidence limits ,for these 
calculations as given in Table I increase as the number of terms increases, but do not 
exceed 5 units (approx. 5%) for up to six chlorine atoms per molecule. Lower confi- 
dence limits can be attained by using the observed response of more highly substituted 
PCBs in the calculations. The observed responses for the reference compounds in 

-Table I have an average deviation from the calculated responses of 2.2, i.e. 2.6% of 
the average response. 

The six compounds listed above (biphenyl, 2,3-, 2,6-, ‘2,4’-, and 3,4dichloro- 
biphenyls, and 2,4,4’-trichlorobiphenyl), the PC& listed in Table I, and the. thre’e 
monochlorobiphenyls comprise the reference compounds used throughout this study, 
twenty-seven in all. Information presented in Tables II, IV. and VI for PCBs other 
than these reference compounds has been calculated as indicated above and in what 
follows. 

Table II lists retention indices and relative molar responses for all of the PCBs 
having up to three chlorines per molecule as well as for those PCB reference com- 
pounds available to us having more than three chlorines per molecule.’ 

PCBs having both rings substituted could have their retention indices calculated 
by summing Q, (RI.) value@. The observed retention indices of the seventeen reference 
compounds substituted in both rings, examined on all six liquid phases (102 terms), 
had an average deviation of =t: 3.7 retention index units from their corresponding 
calculated retention indices. Since this ,is in excellent agreement with the sum of the 
average errors of estimate inherent in our graphicalestimation of two + (RI) values 
(A 2 units each), it is apparent that additivity of 8 (R.1.) values is generally valid for 
at least the six liquid phases tested and probably for all liquid phases applicable to 
PCB analysis. In experiments not reported here in detail we, found the retention 
indices for.several of the PCBs to vary logarithmically with the column temperature. 
Additivity of +i (RI.) value& would thus require a very reliable control of the column 
temperature throughout the duration of an analysis. The data in Table, II will, permit 
calculation of retention indices for several’, tetra-, penta-, hexa-, hepta-, and octa- 
chlorobiphenyls.. : ‘. : s 

.Table,III lists boiling points for a few of the substituted,biphenyls. When these 
values are applied to a plot of, boiling point against ‘chain length x IOO _Eor ut-alkanes, 
theoretical,retention indices that ,should, apply. in the absence of any interaction with 
a,GLCpa.ckingareobtained, jr :’ i ,’ , ,,, ‘, .I. .I 

Comparison of Table III, which also lists observed, retention indices”on .paraffin 
wax and purified Apiezon L, with Table II re.veals. that the theoretical retention 
indices are most closely matched on Versilube F-50 i (a trichlorophenyl-substituted 

J. Clwomatogv,, 6g (1972) 273-283 



278 P. W. ALBRO, L. PISNBEIN 

TABLE III 

BOILING POINTS, AND CALCULATED AND OBSERVED RETENTION INDICES (n.1.) FOR PCBS 

Compounda Boiling R.1. value 
poinl (“C) 

Calczclaledb Observed on column paching 

Bicyclohexyl 238 1242 1354 1410 
Biphcnyl 256 1417 1394 I452 

4 274 285 1521 1587 I479 1569 x.543 1640 
4 291 I 625 1580 1650 
4,4’ 317 I 800 17G6 1848 

- 

a The chlorine-substituted biphenyl positions are given. 
11 Calculntcd from boiling points as dcscribcd in text. 

silicone). Due to dispersion forces, even ?z-alkanes would not have theoretical reten- 
tion indices,if they could be gas chromatographed in reference to compounds lacking 
even dispersive interaction with a liq’uid phase. Thus the apparent correspondence 
between retention indices observed on’ P-50 and calculated for PCBs from their 
boiling points is coincidentally due to having selected 200’ as the operating tempera- 
ture, Since the retention indices calculated from PCB boiling points are higher than 
those observed on OV-IOI at 2oo”, it appears that dispersion forces are less for PC& 
than,for ut-alkanes at this temperature. This is particularly clear in the case of biphenyl 
itself which is unlikely to interact with OV-IOX via hydrogen. bonding, dipole orienta- 
tion, or electron repulsion, and for 4,4’-dichlorobiphenyl which similarly lacks any 
permanent dipole.: Thus dipole induction (a or z interaction) and, in some’ cases, 
orientation forces on P-50 coincidentally balance out the low dispersion forces (relative 
to rt-alkanes) at 200’. 

We have attempted to use an approach based on AR.I. values (i.e., retention 
*index on one liquid phase minus retention index on another) to examine the nature of 
the interactions of the PCBs with the various liquid phases used in this study. The six 
liquid phases in,Table, II give fifteen permutations of AR.1. values producing positive 
numbers. ;We have selected, six of these as giving the most useful information, as 
s,ummarized in. Table IV; : : 

‘POBRSCHNEIDBR constants Is (Table ‘V) suggest that AR.1; values for F-50 
minus OVir.dr’ would mainly reflect orientation, forces involving hydrogen ,bonding 
(sample~as donor) and induction forces (sample as u or z acceptor).’ ARJ. for kpiezon 
,L ininus~F-50 should reflect .primarily the ability of the PCB to serve as a 0 or z donor 
in inductive interactions, which in this case would also reflect the degrees of <electron 
delocalitiation in, the ,PCBs;’ ARJ. for .OV-r7,minus Apiezon L should give information 
concdining interactions og permanent. dipoles as well as charge transfer phenomena, 
w.hile,~AXI~, for CEIDMS’minus OV-225 should1 emphasize both types (directions) of 
dipole induction as symbolized’by X and U RORRSCWNEIDER constants. A?p.I. values 
for:CWDMS~minus OV-ZOI and.OV-225 minus OV-101; respectively, should, in effect, 
summarize .a11 of the polar interactions. ’ ’ ‘. 

“selective’! 

,,‘,’ : , 

j : : ;,,;’ l.;.Indu~ed-~.‘dipole:~ lnteractiens occur on all hquicl- phases. While 
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SELECTED ,df?.I. VALUES FOR PC&J 

279 

F-50 0 v-zag CHDMS A+ L 0 v-r7 CNDlwS 
mdnacs WZ i,NHS vninars WlivWS mintts vninus 
0 V-ror 0 v-TOI 0 V-1or F-50 lip. L 0 V-225 

BicycIohcxyl 
Biphcnyl 
2 

: 
2,6 
2,2’ 

2,s 
2J4 
2,3’ 
284’ 
213 

Z:$ 
314 
314’ 
414’ 
2,6,2’ 
2,5,2’ 
2,4,2’ 
2,693’ 
2,6,4’ 
2,3,2’ 
2~4,s 
3,5,2’ 
2,5,3’ 
2,514’ 
2,4,3’ 
2,4,4’ 
2,313’ 
2,314’ 
3,412’ 
31513’ 
3154 
314,3’ 
314S4’ 
2,6,2’,6’ 
2,5,2’#5’ 
2,4,2’,4’ 
2,3,516 
2,3,2’,3’ 

4 
12 
IO 
18 

I7 
9 
8 

16 
12 

8 
12 

7 
I7 
I9 
16 

17 
I5 

2 
I2 

9 
12 
II 

6 

5 
21 
18 

I3 
I5 
14 
12 

I 

I4 
r2 

5 
4 
8 

5 
3 
4 
7 
4 
7 

3*4,3’94’ -5 
2,4,5~2’,5’ I 
2,4,5,2’,4’~5’ -12 

I35 
435 
460 

8 

:gz 
48G 

502 
478 
473 
so7 
508 
519 
487 
536 
552 
555 
568 
508 
so3 l 

505 
535 
592 
546 
482 
524 
539 
541 
526 
543 
570 * 
583 
568 
538 
551 
592 
603 
540 
512 
526 

%ZT 

531 
542 
641 

523 
538 

I57 
Go.5 
GIL 

G72 
083 
026 

G43 
661 

GSI 
G88 

687 
674 
703 
75G 
753 

;:; 

G46 
G74 
678 
712 

728 
687 
G82 

718 
733 
744 
725 
742 
747 
758 
762 
776 
787 
816 

825 
GS6 

712 
712 
657 
747 
711 
803 
594 
735 
763 

. 95 
102 
IO0 
106 

28 

%Z 

55 
59 
49 

:4 

;a 

87 
92 
74 

HZ 

II5 
II9 
II0 

J14 

::, 
86 
GI 

85; 

G? 
126 

79 
106 

25 
16G 

214 
I7G 
187 

234 
24s 
I94 
I84 
225 
230 
223 
140 
I72 
I77 
I.92 
I98 
274 
249 
232 

. 
236 
254 
244 
18r 
~86 
210 
219 
192 
200 

230 
243 
242 
I51 
198 
206 
218 

214 
237 
203 
201 
280 
203 
11s 
271 
200 
500 

22 
170 

151 
I87 
187 
I43 
i4I 
I83 
I78 
181 . 
I79 
155 
216 
220 
201 
202 * 

215 
ISI 
I70 
I77 
I70 
128 
16G 
202 

I94 
179 
204 
204 
207 . 
177 
I75 
I94 
238 
236 
222 
229 

I46 
180 

I90 
160 

I46 
180 
261 

253 
212 

225 

a Only the positions substitutccl with chiorino mc indkatcd for the FCRs. 

: 

. 

Y I 
.’ ., ‘,/‘:. 
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%A,BLE v 

ROWRSCMNEIDER CONSTANTS USED IN 'rms STUDY 

Liqzcid phase x Y z u s 

OV"101 0.16 0.5G 0.50 0.85 0.48 
Versilubc F-50 0.13 0.98 0.5s 1.11 0.43 
Apiczon L 0.32 0.39 0.25 0.45 0.55 
Purificcl Apiczotl L 0.29 0.28 0.17 0.44 o-30 
OV-17 1.30 r.GG I.79 2.53 2.47 
OV-225 2.17 3.20 3.33 5.16 3.69 
CHDMS 2.50 5.43 4.05 
Arochlor 1254 1.27 2.19 2.04 

bicyclohexyl shows some slight dipole induction (low polarizability) in that its reten- 
tion index increases by 157 units between OV-IOI and CHDMS, biphenyl shows high 
polarizability as its retention index increases Go5 units between these liquid phases. 
All of the PCBs show ,4x.1. values (CHDMS minus OV-IOI) higher than Qo5, and. 
since several of them do not have permanent molecular dipole moments, it is probable 
that interactions between the liquid phases and individual group dipoles are of signifi- 
cance. Thus whereas the ,4X.1. (CHDMS minus OV-225) for 3,3’-dichlorobiphenyl is 
higher than that for 4,4’-dichlorobiphenyl, the opposite order is seen in AR.1. for 
(CHDMS minus OV-IOX). ARJ. (CHDMS minus OV-225) is identical. for the 3- and 4- 
monochlorobiphenyls, confirming that this parameter is relatively independent of the 
absolute value of tlie permanent molecular dipole moment. AR.1. (CHDMS minus 
OV-IOI) increases with both the dipole moment and polarizability of the monochloro- 
biphenyl, so ‘the observed ARJ. values for the 3,3’- and 4,4’-isomers clearly suggest an 
interaction based on ‘individual group moments. 

AR.1. values indicate that there is greater selective interaction between the 3- 
and +monochlorobiphenyls and the various liquid phases than between the liquid 
phases and biphenyl itself. However, AR.1. values for F-50 minus OV-XOI, Apiezon L 
minus F-50, and CHDMS minus OV-225, respectively, are higher for biphenyl than 
for 2-chlorobiphenyl, Under these conditions we are measuring primarily induction 
forces (for OV-17 minus Apiezon L, where as discussed above dipole moment is 
emphasized, ARJ. for 2-chlorobiphenyl is higher than that for biphenyl), indicating 
either that the polarizability of. the 2-chlorobiphenyl or its ability to serve as a Z- 
donor is less than tliat of biphenyl. The latter might be due to the tendency of substi- 
tution in the 2-position to twist the two rings out of coplanarity, This phenomenon is 
particularly conspic,uous in terms of A R.I.; for Apiezon L minus F-50. Here. we 
primarily see the interaction between chlorinated biphenyls as n-donors and Apiezon 
L as an-acceptor; ~~~+ROHRSCH~~ID~R X constant for Apiezon L is higher than that 
for ,I?-50 while Y, Z, U and S constants are all lower. As .we go through the series 2-, 

2,2’-, 2,6,2’-, 2;6,2’,6’-PCB, AR..T.’ for Apiezon L minus L;-50 drops rapidly from 59 

through 41 and 28 to II, indicating that overall electron delocalization, is ,decreasing 
rapidly. 

,’ ARJ. for, CHDMS minus OV-IOI increases continually with increasing substitu- 
tion: in 2-’ and 6-positions. Although the permanent dipole moment does not increase 
between 2,6,2’- and 2&,2’,6’-PCB, as reflected in the observation that ARJ. (OV-17 
minus :dpiezon ,L) ,increases from 2 ‘< 2,2’ c 2,6,2’ and ,drops 2,6,2’ > 2,6,2’,6’, it 
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appears that dipole iucdzzcction does increase throughout. This further suggests that (r) 
in terms of ARJ. for CHDMS minus OV-TOI, inductive forces outweigh orientation 
forces in significance, and (2) for the 2-chlorobiphenyl/biphenyl comparison, reduced 
net polarizability of the chlorinated biphenyl is a less’satisfactory explanation of the 
dR.1. behavior than is reduced n-donor capability resulting from the ring “twist”. 

The monochlorobiphenyls show another peculiarity in their AR.1. values for 
OV,-17 minus Apiezon L. Here the sequence of ARJ. values is biphenyl < 3-chloro- 
biphenyl < +chlorobiphenyl < 2-chlorobiphenyl. One possible explanation for this 
observation, assuming that AR.1. for OV-17 minus Apiczon L reflects dipole moments, 
is related to the fact that electron delocalization tends to reduce effective dipole mo- 
ments. The reduced electron delocalization resulting from the “twist” in the 2-chloro- 
biphenyl would tend to minimize the resonance reduction of its dipole moment. 

A second factor may enter into the ARJ. values for CHDMS minus OV-225. 
Here the order is 241 c bipheriyl < 3-Cl = +Cl. Since these values are all positive, 
there presumably is greater interaction between the electrophilic chlorine atoms and 
the oxygen functions of CHDMS than between the chlorines and the cyano groups of 
OV-225, However, the OV-225 cyano groups are extended from the polymeric back- 
bone of the molecule by propyl side chains, while the CHDMS ester groups are buried 
in the polymeric matrix. Steric interference by the adjacent phenyl group may impede 
interaction of the 2-chlorobiphenyl chlorine with CHDMS while less steric interfe+ence 
would be expected against OV-225. Thus the similarity in order ofn R.I. values between 
CHDMS minus OV-225 and Apiezon L minus F-50 for biphenyl and the mqnochloro- 
biphenyls, respectively, is postulated to be due to two entirely different’causes. 

TABLE VI 

+XJTION ORDER AND dn.1. .VALUES OIr NOMOANNULAR (I-1) VS. TRhNShNN&.hR (T) PAIRS 

Pair* Elution order AR. I. value 

Liquid phase miwcs 0 V-ror 

F-50, Apiezon L 0 v-I7, 0 v-225, CWUA~S 

‘2,62,2 H < T’J 
2,5--2~3’ H < T 
2,4-2,4’ H < T 
385-313’ I-1 < T 
&S-2,3’ T < H’-’ 
384-384’ T = H 

: 2 :: 
T s H 
I-l < T 
I-I < T” 
E-1 s T 

H < ‘2‘ 
H<T 
H<T 
H<T 
H < Td 
HsT. 

R Only the chlorine-substitutccl pbsitions are indi&atccl for the PCBs. 
,b Except Apiozon T,. 
c Excopt.CHDMS. 
d lkccpt ov-2+5* 

% ,, ., 

Table VI summarizes some observations on the elution order of various dichloro;- 
bipbenyl pairs. The prevalent elution order is apparently homoannular < transannular 
in spite of the presumably higher dipole moment of,the homoannular species: Vicimd 
substitution would, possibly ‘be expected to .reduce- the effective dipole’ moment 
(considered as’ the absolute sum ‘of individual group moments) compared to, the trans- 
annular species by shifting the C-Cl ,bonds ‘out ~of the plane of the rings. ,Instead we 
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find that vici~al substitution increases the retention of the homoannular species such 
that the elution time becomes equal to or greater than that of the transannular species. 
The exceptions in Table VI provide some information. On Apiezon L z,6-dichloro- 
biphenyl elutes after z,z’-dichlorobiphenyl suggesting that n-interactions are some- 
what greater in the case of the homoannular species. Vicinal substitution has less 
retarding effect on OV-17 and .CHDMS (which emphasize dipolar interactions) than 
on the other columns. 

The AR.1. values for any liquid phase minus OV-IOI are also summarized for 
the dichlorobiphenyl pairs in Table VI. It can be seen that AR.1. values for the homo- 
annular species on OV-17,OV-225, and CHDMS are always less than or equal to those 
of the ,transannular species. On F-50 and Apiezon L the values are lower for trans- 
annular than for homoannular species in some cases, reversed for others. These obser- 
vations suggest that the transannular species take part more strongly than their 
corresponding homoannular isomer in dipole-induced dipole interactions not involving 
their. role as n-donors in charge transfer interactions, but tend to support the view 
that the homoannular species enter into charge transfer, z-interactions more strongly 
than do their transannular. analogues. Vicinal substitution then appears to have a 
greater effect on decreasing the n-interaction than on decreasing the polarizability 
overall, I 

i” Polarixability effects are emphasized in AR.1. for OV-225 minus OV-IOI (see 
Table: IV). ,Here it can be seen by subtracting d X.1. for biphenyl from that of the chlor- 
inated compounds that the d R.I. increments produced by adding chlorines may be an 
approximately additive”function for transannular substitutions (3X1 = 50,3,3’-Cl, = 
IOL ; 4-CI = 6x,4,4’-Cl, = 133 ; 3,5X1, = 52, 3,5,3’,5’-Cl, = 107), or non-additive for 
homoannular substitutions’(z-Cl = 25,4-Cl = 6x,2,4-Cl, = 38; 3-Cl = 50,3,5-(X, = 
52). This apparently reflects interaction between the chlorine atoms in the same ring, 
possibly through the ring itself since vicinal substitution, forcing the C-Cl bond out of 
the plane of the ring, restores additivity (3-Cl = 50, 4-Cl --# 61, 3,4’-Cl, = 120, 3,4- 
Cl, = 117). ., 

Three conspicuous entries in Table IV are the AR. I. values (F-50 minus OV-LOI) 
for 3,4,z’-trichloro-; ‘3,4,3’,4’-tetrachloro-; and 2,4,5,2’,4’,5’-hexachloro-PCBs, which 
are negative. It,is notlclear whether this relates to mutual repulsion between the tri- 
chlorophenyl group,in F-50 and 3,+substituted rings in the biphenyls or simply to 
increased dispersion forces for these PCBs. 

A comprehensive treatment of the interaction forces accessible to study through 
consideration of AR.1. values as related to PC13 structures is beyond the scope of .this 
paper. We have attempted through qualitative.discussion ,to give a few. examples of 
the, utility of this approach which, we believe, may lend itself to quantitativetreat- 
ment as further data become available. The liquid phases chosen for these expe:riments 
Were not selected for maximum yield of information on solute-solvent interactions, 
but rather to provide’ maximum, resolution of similar PCB .isomers and permit 
quantitative analysis. .The discussion above,makesit seem probable that liquid phases 
forGL,C.could be selected such that the effects on retention ,indices of the lPCBs (and’ 
other.: classes, of cumpounds) of ‘dispersive interactions, hydrogen. bonding,. dipole-: 
dipole. :orienfation tforces, charge. transfer, interad&ns, and dipole-induced. dipole. 
(induc$on),forces .oo,uld be effectively Yisolated” for quantitative study: We see reason: 
tohope!: that thisapproach may, eventually overcome the limitations in ,the, present 

.’ 

~~~.CkV$WZtO& tj19: (1972) 273-283 
., 5 



FOLYCWLORINATED I3IPWENYLS BY GLC AND FID 283 

use of ROWRSCWNEIDJSR constants to characterize liquid phases, such that a quantita- 
tive utiljty may be achieved. 
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