
SUMMARY 

A variety of organophosphorus compounds was studied with respect to their 
response to the gas chromatograph photometric detector. Contrary to the 
experience of some investigators, the molar response of phosphorus was found to be 
iiuear only within homologous series. Compounds containing the dia&ylaminoaIkyl 
moiety on phosphorus are in the low sensitivity (50% of the “normal” molar sensitivi- 
ty) range. Some compounds such as phosphodihdides @uoro or chloro) are 30% or 
more above the “norm”_ Comparative data are given for sekted compounds on the 
flame ionization and thermionic nitrogen-phosphorus detectors_ A postulated 
mechanism is given for explaining some of ffie differences. 

The investigation described here was initiated to explain differences observed 
in the relative gas chromatographic (GC)-flame photometric detector (FPD) sensi- 
tivity among a variety of organophosphorus compounds. During the course of GC 
anaIytical development in our laboratory from 1968 to 1972 it had been observed that 
certain of the organophosphonate compounds did not give predictable molar EPD 
sensitivities_ With some fimctionalities the sensitivities were even 5!I”/- or less than 
those expeet&_ 

The application of the FPD was &-st reported by Brady and Chancy’ based 
on the patent of Draeger and Dmzgt$ and was designed to detect the Same emission 
from phosphorus (526 nm) attributable to HPQ and from stir (394 nm) as St. These 
investigators and other$” demonstrated that the photometric response of their phos- 
phorus detector was linear with respect to concentration. On extrapolation of this 
information to variation in percent phosphorus, the intimation would be that sensi- 
tivity sharrld be dire&y proportional to molar concentration. 

- The experimental mst&s described here represent our attempt to determine 
which variables might be responsible for the observed difference in FPD phosphorus 



sensitivity among a variety of organophosphate and phosphonate wmpounds. 
Included in this study was the comparative appIic&ion of the more recez~ely avaikbk 
thermionic nitrogen-phospizorus detitor (NPD) in the phosphorus mode. 

EXPERIMENTAL 

The experimental design of the investigation was predicated on the premise 
that (a) the amplitude at the wavelength maximum of 526 nm might vary with the 
nature uf the groups on the phosphorus atom, Le., P-N, PS-C-N, P-C&, P-F, 
etc., (b) that the efficiency of burning might depend on the substituents on the P 
atom, (c) that certain substituents such as halogens might enhance the sensitivity 
additively, (d) that ionic interferences positive or negative might be existent6 or (e) 
that certak of the compounds might have shown more efficient migration through 
the columns. 

AlI of the compounds were to be diluted in the same solvents and the molar 
responses determined. Most of the determinations would be made using a QF-l 
cohunn. Substrates of lower polarity such as SE-30 and OV-I7 would be used on 
selected compounds to preclude overlooking potential column etfect on the molar 
response of FPD. In addition, both the ffame ionization detector (FfD) response and 
effect of retention time or retention index would be considered. Correction would be 
made where necessary to eliminate purity of sample or the nature of impurities as a 
variable. 

Determinations would be made, where possible, employing flame emission 
measurement. For practical purposes this would be a means for ascertaining the 
emission wavelength maxima and relative sensitivity independent of GC. For t’his 
study an available atomic ahsorption, &me emission spectrophotometer was to be 
employed. 

Procedures 
?he GC work described in this report was performed on Perkin-EImer Model 

900 and 990 gas chromatographs equipped with FID, NPD, and FPD detectors with 
a Hewlett-Packard Model 338OA report integrator. Flame emission spectra were 
obtained on a Perk&Elmer Modei 460 atomic absorption, flame emission spectmm- 
eter with hydrogen as the fuel and argon as the diInent gas. The chromatographic 
conditions employed and coIuum parameters were as fohows. The FPD coupkzd to 
Model 990 was operated with a 526 nm interference filter. The electrometer range 
was 1Ot (as needed), the attenuation ran- x 256 (as needed) and the nitrogen carrier 
gas set at a ffow-rate of 75 ml/n&. The Fuel gases were hydrogen at 150 ml/min; 
oxygen at 20 ml/min; and air at 20 ml/m& The detector temperature was at l&I”, 
the injection port at 2fW’ and the manifold at 25W. The basic system for all of the 
compounds was a 182.9 cm x 2.0 mm I.D. Pyrex glass cohxntn containing 10% QF-I 
on $0400 mesh Gas-Chrom Q. The coinmn temperature was programmed from 
W-2fJO” C at 8*/min. 

The other columns employed were of 182.9 cm x 2.0 mm I.D. Pyrex glass 
containing 20 % SE-30 on 60-W mesh Gas-Chrom P and 3% 0%17 0x1 W-IO0 mesh 
Gas-Chrom Q. The FID was operated on the Perki4Sme.r ,SxIel!300 at 293” with a 
fkei feed of hydrogen at 50 mi/min and air at 350 m&nin. The e kcfrometcr was set 



at 10 (as needed) and the attenuation at 2 (or as needed). The NH3 coupled to the 
same. chromatograph was operated in t&e‘ phosphoras mode with helium at 40 ml/ 
min, hydrogen at SO m@nin and air at Xl0 ml/mm. The eIec&ometer range was 10 
(as needed) and the atteuution x 8 (as needed), The detector temperature was 
maintained at 250” wbik other column conditions were identical to those of the FPD. 

The sample concentrations employed ranged from 1 to 200 ng/@ with sample 
injections from 1-S pl depending on the detector. 

Diisopso& methylphosphonate (DIMP) was used as a reference to be com- 
pared against other structural responses. A calibration curve was prepared using 
DIMP as a standard to measure the relative responses of the phosphorus compounds 
and to allow close correction for day-today instmment variabks. This curve was 
consistently line with respect to concentration versus integrated area_ A correction 
factor coufd be applied to all compounds studied on a particmar day. In this manner, 
compensation could he made for any daily column or detector variable. The response 
level for each compound was de&mined from the integrated area of the chromato- 
gram divided by the concentration of the sample injected into the instrument, and 
then the levels of response were averaged to give a common response for the compound 
being analyzed. The calculations used to obtain molar response follow: 

Weightperccnt P = 
30.98 x 100 

MoIecuk w&&t of compound 

Relative response = 
integrated area 

Concentration of sample injected 

Molar response = 
ReIative response 

Weight percent P 

A variety of organophosphorus compounds were chromatographed employing 
the FPD in the phosphorus mode, and a few sel~ted compounds detected by the 
NPD also in the phosphorus mode. Purities of the test compounds had heen deter- 
mined, where applicable, by the hydrolytic method for G agents’ and the thioate 
procedure as for VX and related compoundsB and by GC employing thermal conduc- 
tivity (TCD) directly* and with internal standard such as via retention-indices. The 
phosphommidohalide compounds such as Tabun were assayed by a comhmation of 
hydrolytic and fluorine10 or chlorine determinations, as well as by GC. 

In all cases the compounds showed purities of at least SS% with most above 
90%. For purposes of the study ali ca!ctdated molar responses were come&xl fop the 
determined purities and potentially deleterious impurities_ 

The organophosphorus compounds investigated included alkyl phosphate and 
akyiphqsphonate esters (DDMP, etc.), methylphosphonahalides (Sarin type com- 
pounds and intermediates), dimethylaminophosphotidates (Tabun, amidophos- 
phorohahdes, etc.), dialkylamin~l methylphosphonate types and others, halo and 
diaIkyi morpholinophosphoramidates (DMMPA and related compounds), p-nitro- 
phenyl phosphates (parathion and paraoxon) and some in the miscehaneous category. 
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The orpophosphorus compounds shown here are examples of at feast H) of thme 
studied and as s&&i-t to give some indication of structure ~erszs FPD moh%r 
sensitivitycriteria. 

The compann& as sefeceed were fxxnpiled innitial~y on ihe basis of their 
homo&xxs or analogous relationship and their respective molar responses found 
via GC using ffie FPD. The GC results for the organophosphonate and phosphate 
esters are shown in Table I. 

From Table h-it is quite apparent that little d%Ference in molar response is 
observed despite the variety of substituents on the phosphorus atom. The molar 
response is in the 19.6 to 20.6 range with the exception of triphenyl phosphate (23.5). 

Early experience using FPD for both phosphorus and sulfiz had been obtained 
with VX, sarin and Somau, and subsequently with electron capture (ECD) and FPD 
for sulfur in the analysis of mustards *I. Laboratory effort had been directed, as a 
continuing study, on the comparative sensitivities of FPD for phosphorus (and sulfur 
where applicable) as opposed to ECD and FID OQ a variety of organophosphorus 
compounds such as parathion, Soman, Sarin and VX. 

. It was not until finite, side-by-side comparative data were obtained here (ca. 
19711, that more obvious difkences in FPD sensitivity relating the structure became 
evident. 

With some compounds, the Iabiity or relative instability might have been at 
feast a partial expta‘nation for the lesser sensitivity. At that time there had been 
little experience or opportunity to work with analogous and homologous compounds 
as related to GC-FPD. When the necessary compounds became avaikb!e, a screen 
was_set up wherein the comumn moiety was the dimethylamido group (CM&N-P 
(Table II). Looking at this as a famiiy of compounds it can be seen ‘&at there is a wide 
disparity in molar response depending on the nature of the substituents_ The rationale 
empioyed here was to discover cr reject, the possibility that (CH,II-N-P=0 might not 
go efficiently to HPG in the flame. As shown in Table H this is certty not the case. 
Tabuu could be considered as approaching an intermediate level. The high sensitivities 
of DMAPF;! might be explainable by its volatility as a “slug” to the flame detector, 
or possibly by the presence of halides as synergists for flame sensitivity, or for some 
other reason. The amid0 dichloro compound also showed higher than average 
sensitivity, but approximately the same as that of methylphosphonodichloridate 
which is shown later. 

The next categorimtion was as the a&ylphosphonates other than Ckksters 
(Table ID). This grouping included essentially the phosphonohahdates, and diakyt- 
aminoalkyIphosphonates_ With the exception of the difhtoro compound (MPDF, 
molar response of27.0), the methylphosphonofiuoridates averaged at 18.24 with Sarin 
at the tow of the habdates (16.8). The lowest values were with compounds containing 
the dialhykninoalhyl groups, Le., VX, 12.8; VM at WA, and VO at 9.0. MPDF fits 
into the sensitivity range of DMAPF2 shown previously in Table IT. 

The next series of compounds studied against the photometric phosphorus 
detector were of the morpholinophosphoramidate type (Table IV). The avaifabk 
compounds all showed above average response via FPD. DMMPA and DFMPA 
were amongst the highest in sensitivity of ah the tested compounds, approaching the 
response of DMAPF2 (Table IQ. 

Pam&ions and paraoxon and some dioxaphosphorinanes were two other 
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categories ofpentavalmt orgamphosphorus compound represented in this study. A 
limited mm&er of the former compounds are discussed here, because the results 
me& ant to be somew&at predicta6fe based a& the data ob~%.ained in the experiments 
d&xssedpreviously. The dialkylaminoalkyl Phosphorinanes which would be expected 
to show lower sensitivities as do VX and VO, actually gave simmtiy lower 
respoose than the l&&r two compmds. ?Tkse data are shown in Table V. 

To complete the investigations of compovd types a -$oup of available alkyl- 
pbospbites, including triZlkyl- and dialkylhydtigen phospbites, were selected. The 
fcrmer represent trivalent phosphorus; with the latter being capable of behaving as 
pseudo pentavalent phosphorus compounds. With the exception of triphenyl phos- 
phite, the phosphites exhiiited responses at the low& end of the phosphorus ester 
sensitivity ran*. This is not surprising since these compounds are in a reduced state 
and would probably show better response with a more oxidative or richer air-feed 
combustion. The phosphites studied and the FPD results obtained are shown in 
Table VI_ 

An important consideration relative to the sensitivity of a given species to the 
ED_ is obviously one of how much sample actually gets to the detector. This would 
fall into .the category of throughput character&&s of the column and the stability of 
a compound in the particular substrate_ As a test of cob~rnn variable, three diRerent 

substrates were selected on the basis of their difGerences in poIarity. The lowest 
polarity was represented by SE-U), the next highest by OV-17 and the highest by QF-1 
(McReynoMs constant ratio of 1:5:7). The last is the substrate that was used for all 
of the work reported in the previous tables. It can be seen in Table VII that polarity 
of column bad no bearing on the stability of ffiese compounds or their throughput, 
as r&lates to sensitivity to FPD. 

As another approach to understanding possible differences in FPD sensitivity 
an attempt was made to equate FXD as an independent or analogous measu~ of 
thro&put of compou&d to the detector. Although uncertainty may yet exist as to 
the mechanism of ion formation within the ffame, it is reasonable to assume that the 
detector response is diiy proportional to the carbon content of the compound and 
also rela+& to the hydro_D atom =. indications have been reported that the presence 
of alcoholic oxygen on amine nitrogen can reduce the molar respo~se*~-~‘. 

Zn OUIY dt~~rnrinati~s~, the sum of the atomic weights of carbon and hydrogen 

in a @m molqcule were catclrlated as an atomic ratio and thence as an atomic 
respo== 

Atomic number = Sum cf atomic weights of carbon and hydrogen 

Atomic ratio . Atomic number 
= Molecular weight of compound 

Atomic response = 
FID response~co~centratiocentrarion of sampie 

Atomic mtio 

Tke atomic response, making the assumptions that no atoms other than carbon 
and hydrogen participate in the energetics of Same ionization, should be equivalent 
to the molt response to FPD. what-is found in comparing the atomic response of 
FID in Table VIZ3 to FpD Gables E-VIQ is that with the exceptiorz of VO, Th4PQ 
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TABLE VII 
coI?KpARATLvE MOLAR RES?ONSE TO THE FPD OF SOME SELEGIED‘COMPOUNDS 
WA THJXEE CKROMATOGRAP~C COLW4NS OF Dw POLARITY 

DLMP 205 20.3 19.8 
DhKMP 209 21.0 20.5 
VXI 13.? 13.5 12.8 
Vo1 9.8 9.2 9.0 

2 10-O 9.3 10.2 10.2 10.4 9.7 
svin 172~ 16e9 16-S 

DMMP. DMMPA and DPAEDP, the ratio of FPD to FID gives a mean of OS6 f 
0.437. Tde FPD/FID ratios found for VO and DPAEDP are significantly lower than 
all of the other compounds. VO sbouId be amongst the niust cbemicaiIy and pyroly- 
tic&ly stable of all of the diaIkyitinoalkyl compounds studied. Its FPD response is 
in the few range as are alI of the dia&ylaminoalkyl compounds. Its FID atomic 
response compares favorably with that of the average FPD range compounds (FPD/ 
FID 0.56)_ This could indicate that VO is reaching the photometric detector_ VX is 
similarly responsive to the FlD but also low in FPD response as are the other related 
compfxmds in its series. The possibiity thus exists tbat cycIization of the group as the 
dialkylammonium may have some bearing on the phosphorus sensitivity. The sensi- 

TABLE MI 
COMPARATIVE SENXkTMTI ES OF SOME SELECTED COMPOUNDS TO THE FID 
WlTEi RESULTS FROM THE FPD 

AfOlCC _!OtiC&i Afom-c FID atomii ~ FPDtdar FPDIFID 
number weight ratio &:;I resprare respome ’ rat& 

VO 158 2s 
vx 158 267 
vs 172 281 
DPAEDP 1.56 281 
DMAPAMPF 87 183 
VM 130 239 
VE 144 259 
DLMP 101 180 
DMAPFZ 30 129 
DEMP 73 152 
DhLMP 45 124 
DEEP 87 166 
TMPO- 45 I40 
TRiPo 129 224 
TBuPo 171 266 
Dh(LMPA 86 195 
DEMJTA I14 223 
DFMPA 56 I71 

6295 
59.18 
61.21 
5551 
4754 
s-39 
55.60 
56.11 
23.25 
48.03 
36-W 
a.41 
3214 
57.59 
6429 
44-10 
51.12 
3275 

27.3 
265 
16.0 
15.1 
16.3 
192 
18.8 
34.3 
16.0 
26.4 
22.2 
32.6 
17.0 
33.1 
33-4 
30-3 - 
24.0 
27.5 

9.0 
128 
9.7 

c: 
IO-4 
10.2 
19.8 
39.4 
19.6 
20.5 
20.1 
19.9 
20.6 
19-4 
320 
23-7 
34.7 

0.32 
o-49 
O-61 
OS0 
056 
0.54 
0.54 
0.5s 
2.46 
0.74 
0.92 

.0_62 
1.17 
0.62 
057 
LO6 
0.99 
1.26 

‘FPD mohr xespanses fram Tables LV’L 



tivities of key compounds by FID, including comparison with FPD, are shown in 
T&keVEL- _ 

. . Emission spectra were determined on some selected organophosphorus com- 
pounds, emp@dng a Fe&in-Elmer Model 460 atomic absorption ffame emission 
spectrophotometer. Hydrogen was uss as the fuel and argon served as the diluent 
gas. Ah of the compounds examined were rtm at a concentration of20 m&f. 

-3%e eznissim peak for Sk?0 occurs at 525 to 530 run. F&me emission semi- 
tivity for phosphorus on the f!ame emission spectrometer was 5 to 6 logs lower than 
that obtained with the CC-PPD. Selected for this study both as comparative informa- 
tion and because sufficient sample was available were. phosphoric acid, methyiphos- 
phonic acid CH,PO(OH),, DMMP, DLMP, 2-diisopropyiaminoethyl metby~phos- 
phonite (TV) and VO. In water and 0.1 Af hydrochloric acid it was found that these 
compounds all had the same general type of HP0 emission peak without the appear- 
anee of signi&mt P bands other than at 526 nm. In 0.1 M hydrochioric acid the peak 
height appeared to increase, in some cases, with increasing molecular weight, although 
an insufficient number of compounds or variety of structure were measured to 
consider this a fact. The addition of organic solvents (methanol, for exampte) in 
10% or greater quantities caused the HP0 peak to disappear. Sodium pyrophosphate 
gave no HP0 peak either in water or in 0.1 M hydrochloric acid. 

Because of the limitations in the atomic absorption flame emission equipment, 
the experiments could not be made to duplicate those of the PPD. The data relating 
peak height at 526 nm to molarity of compound are shown in Table IX. It should be 
understood that the flame emission study differs from GC-FPD ic that ail of any 
compound is aspirated into the flame. In the case of VO this might indicate, in part, 
that less of the compound reaches the detector in CC-FPD thus explaining its lower 
sensitivity by that route. However, other factors have to be involved when compared 
with lower values for DIMP and DMMP. it is not believed that sufficient evidence 
was obtained by flame emission measurement to support a conclusion that less of the 
lower sensitivity compounds reach the detector. It is more than coincidental that all 
of the dialkylaminoalkyl phosphonates are in the low class of sensitivity. With only 
few exceptions all are capable of cyc.bzing at the aminoalLy group which could have 
a limiting e&d on behavior at the detector. These emission results are shown in 
Table XX. 

TABLE Ix 

FLAMJZ E!!ON SPECTROPHOTOME OF SOME SEEECFED PHOSPHORUS 
cOMFOUNDS(hlEASURE MEN-T OF 526 nm EMISSION) 

Zigk(0m 98.0 0.175 

DMMP 1z.i :.zi 
DIMI? wi2 ok0 
n- 235.2 0.811 
vo 251.3 0.647 

* TV = 2-DGsopmpyIamiuoethyI ethyl rxethyIphosphonite. Its rriolar response to the FPD is 
9.7 which is C&c to the 9.0 of VO. 



16.8 
19.0 
17.1 
I82 
20-2 
19.8 
19.6 
128 
9-O 

A tkrrniotic NPW6 was obtained and used in the latter stage of this study. 
Since the NPD is sufkiently di.@erent in operation than the FPD it was hoped that 
some fundamental compakktive iz&oimatian might result. Alti01.@1 more sensitive 
for phosphorus detection than the FPD the comparative molar responses between the 
two detectors were quite similar. These rest&s are shown in Tabk XL Arbitrarily it 
might k assumed that these data are indkative of fewer throughput of the dialI@- 
tinoalky~ phosphonates- However, this could be coincidental based on some of the 
knaWl behavior of some of these compomKis_ 

Critical analysis of the previously described investigative data Ieads to a 
tumber of premises ranging from the more obvious to the still postulated_ SuEti=t 
infkxmation has been obtained to establish that within a given homologous se&s, 
FPD sensitivity can be linear with respect to molar content of phosphorus- Lt is also 
safe to presume that this molar relationship of phosphorus conpene to FPD sensitivity 
does not predictabiy hold for mixed analogous and homologous compounds. 

It should be stated that in our FID studies we did not encounter the negative 
intie~ces from the presence of alcoholic oxygen or amine nitrogen that have been 



reported by othess*-L6, eiffier from the phosphommidates or the dialkylaminoethyl 
pksphonates; Not & there evidence that the geometsy or gas mixtareP is &sponsm%Ie 
for OUT observed Iesser sensitivities of the latter group of compounds at the FEW_ 

From all of the foregoing expsimentation and di+ssion, it is a fact that the 
s&~cture of an organophosphoras compound can have a bearing on its FPD sensitivity. 
Molar response to FFD is found to be relatively linear in the case of pbospboms 
dieste~ and tsksters, phosphofIuoridate estess, phosphoramidates of the alkyl 
fluorides and cyanides, and a fluoroph~photimne. 

Pn general, all of the straigbt*haia dialkylamk&yl phosphorus compouncts 
appear to be in a class to them&m and can be Wed into a molar response pattern 
of their om. It is a known fact that t&se species have shown to a greater or Iesser 
extent the chatacterisacs of intra- and/or intermokcular reaction to form aziridinium 
of piperzziniusn salts, respectively, not unlike the nitrogen mustards. Xn the gas phase, 
formation of the. aziridine salt (intramol~) tight be expected to be more likely 
than the piperazine salt but both couid be possible. Using VX as-the example, the 
WicsiOQ may be ishlswati as foUows: 

Selecting VO as the example, several possibiities exist as illustrated below. The group 
represented by X could be OR, F, or CN. The R groups could be CH,, C,H, and 
higher_ 

1 H 

X=OR.F,CN 

R = U-#,Co HjRtc. 

Whereas reactions such as these could comzeivably occur in the GC column as welI 
as at the FFD the same eflkct shooId be obsemab!e via response from the FID. Refer- 
tig to Table WEE, it is seen that with only few exceptions the FXD atomic response 
approaches twice that of the FPD mokr response for the zmGnozlky1 compomds. 



No9 ignored is the possibility of systemic conversion of the quaternasy -&nines to 
volatile amines with subsequent response in ffie FID, while phosphor& d&x not 
reack the FPD or NPD. Whether the charged salt is just a concept or the aetriaz me&a- 
nism at tke detector for explaining tke diEerence in FPD response, it is ttonethekss 
worth mentioning here. Proof of this concept would require preparation of the cyclized 
.spe&s and red&gn of the _S cbromatcgrqb to i3Uow direct feed to the dekctor. 

On the b&s of tie FPD/FlD ratios and the SinziIarity of results obtined via 
the thermionic NPD along with independence from polarity of column, it would 
appear that the response to FPD is a direct function of the suhstituents on the phos- 
phorus atom. The response to FPD and NPD could be attriiotable to the species of 
ion tb& approaches and is formed in the detector_ 

TkFPDmeasurrS the HP0 fcrmation as a radiation due to eleetrcnic ex&- 
. tion. The NPD is specuk%ed to depend on the formation of PO or PO2 as intermediate 
radicals, being net negative ions drawn to a positively charged co&+zctorzs, as illustrated 
in the foIlowing equations: 

-P = O> f e+(cP = O>)- 
CO = -P = O> i e+(tO = P-0) z (Q-P = O>)- 

Tke lower responses obtained via NPD for the dialkylami~~oa&yl compounds (VX, 
VO, and simiIar compounds) can be expGned from eqns. A and B as the effect of a 
mixture of species in which form I above gives little or QO response at the FPD or 
NPD while either the unchanged forms or IE and III (tke dissociated forms) are 
essentially responsible for aU of the detection. 

We have zrbitmrily assigned those organophosphorus compounds wkick 
skewed FPD responses of 20* 3 to a “QOnnal” range. Tfiose canpounds wkick 
approack kaif or less of tke %xmaY in response we place in tke low-r sensitivity 
grozrping, i.e., VX (128) VO (9.0) DPAEDP, etc. 

Those compounds showing more than twice that of the 16.8 of Sarin, like 
DMMPA (320) DMAPFZ (39.41, etc. axe less easiSy explained_ Tkis latter group, 
somCofwkickaredik&desandotkersnot,kaveIittkzin cumm~baserfiQnafpofthe 
fargoSng tests. ft is evident tkat tke diffuoro (and dickloro~ compoands give “hi&? 
lxspo~viaFPD, w~tht~~o~oro~~~~areavtlageor:sIl~~Io~. 
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