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Abstract 

Highly fluorinated alkyl iodides are conveniently synthesized by telomerization of a fluoroalkyl-iodide. RI. uith. e.g., C2F-(. Normally, the 
reaction, often carried out in the liquid phase with a radical initiator, gives productx with a broad distribution of molecular weights. In thix 
w)rk, we report a method that obtains selectively products of a desired molecular weight: this method is a photochemically induced reaction 
in the gas phase; the gas is circulated through a trap or a rectification still which continuously removes the heavier products, whereas the more 
volatile molecules return to the photoreactor. An analysis by rate equations shows which control parameters arc important, and by a suitable 

cfioice of these parameters, we obtained a better selectivity for, e.g., C,F,,I than previously. This method alstr works with BrC2F,Br instead 

oi an iodide, In this case, we demonstrated in a small laboratory setup with simple low-pressure Hg lamps (5 X 10 W ), a productivity of more 
th;m 0.5 kg/day. In the telomerization of’CF,Br or HC,F,Br with C2Fq we found, however. a few percent of clibromide side product:, which 
ar: sometimes difficult to separate because of similar boiling points. For this case. it is better to synthesize the iodides instead, and then 

erchange the I for Br, if desired. 80 1998 Elsevier Science S.A. All rights reserved 

Kg ~04s: Telomerization; Molecular weight distriburion: Poison distribution: Brom+perflu~)ro Octane 

1. Introduction 

Perfluoroalkyl iodides and bromides with &IO carbon 
atl.)ms have a number of uses [ I .2]. For instance owing to 
iti high solubility for oxygen and other gases, CJ,,Br is an 
excellent candidate as a blood substitute and, due: IO its Br 
content, for an X-ray contrast agent [ 3-61. Such halocarbons 
an: also used as intermediates. For example, ethylene can be 
eaGly inserted into the C-Hal bond [ 71, and the resulting 
compounds can be converted to cationic tensides ( reaction 
with R,N). to vinyl compounds ( HX elimination) or car- 
bcsxylic acids (oxidation of the vinyl compound%,), whose 
salts are again surface active. For example. C,F, COO is 
used as a tenside in the suspension polymerization of C:F,. 
Dlfunctional compounds can be made from Br( C,I-, ),,Br [ 8 ] 
which may be of interest for preparing polymers The per- 
fltioroalkyl halides are also used as intermediates for water 
and oil repellents for fabrics, leather or paper. 

The most convenient synthesis of perfluoroalkyl iodides is 
the radical induced telomerization 19, IO], which has long 
been known [ 1 I, 121, e.g., 
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C,FiI+(n-1)C,F,+F(C2F1~,,I (1) 

If a bromide is desired. the iodine can be exchanged, for 
example, using elementary bromine [ I 1. This has been the 
best synthesis of C,F,,Br. Some reactive bromides can also 
be directly telomerized [ 7,9]. A disadvantage of reactions 
like ( 1 ) i< that they give rise to products with a broad distri- 
bution of molecular weights. It ia usually close to a Poisson 
distribution, since every product iodide can reenter into the 
reaction 19 1. In the tnethod presented in this work and in 
patents [ 13-171, the heavier molecules are continuously 
removed from the reaction mixture while refeeding the lightel 
ones and replenishing the reactants This is done by carrying 
out the reaction in the gas phase and circulating the gases 
either through acold trap or-to improve the separation selec- 
tivity-through a rectification still In this way, most of the 
yield appears in a single compclund of desired molecular 
weight. 

As in our previous work [ 13-I 6.1. the reaction was initi- 
ated by a low-pressure mercury lamp of the so-called ozone- 
free type. This is a lamp of similar shape (and price) as a 
common lluorescent lamp. It has d high efficiency (M-35% 
of the electric power is emitted ;L?~ the 254 nm line) and a 



long lifetime ( > IO 000 h). The ozone-ha. type suppresses 

the I85 nm line by using a wall (e.g.. Vycor) which is opaque 

at this wavelength. This is important. since already very small 

powers at short wavelengths ( < 230 nm) w~tld produce side 

products resulting from CC and CF bond splitting [ 13- I6 I. 

We have previously shown [ 13-161 hou IO optimize the 

reactant concentrations and light intensity it,1 order to control 

the radical concentrations, which give the best yields of the 

desired products. In this wsot-k. we explain the background of 

these methods and apply thetn to the reac.rton ( I ) and the 

following reactions 

Bt-C2F,Br+(~t-I)C,F.,-+Br(C1F,~,,Bt 12) 

CF,Br+nC:!F,~(1F,(<‘!F,),,Br 13, 

HC?F,Br+irt-l)C,FA +H(C.F,),,Br. 13) 

In reaction ( I ), we rccei\ ed a high yield 01’ C,F,,I ( up to 

89 mol’7( relative to consumed C,F,I ). For iaction ( 2 ). we 

found high yields ( relative to the consumer1 BrC‘?F,Br) for- 

Br(C,F,),,Br (94, 88 and 54 wt.% for II = 2. .i and -1. respzc- 

timely ) with conditions optimized for II = 2 and 3. Reaction 

( 3 ) was only briefly investigated for cotnp;!rtson, The reac- 

tions (33) required very small C,F, concetttrations in older 

to obtain low molecular weights ( SC‘,) Th: main difticully 

in these two reactions is. however. that sornl* dibromide \idc 

products are not easy to separate from tnonc hromo product4 

because of similar boiling points. Ii‘ mo:~obromides arc’ 

needed (e.g.. C’,F,,Br). the monoiodides can he prepared. 

with subsequent exchange ot‘lhe halogen. 

In the dibromide system. wc have detnonctrated in ;I sntall 

laboratory setup a producti\ ity of mot-e (ha:) 0.5 kg/day 01. 

telomers. The procea is also economically lcasihle. e.g.. t’or 

C,F,,I for which there is 21 growing need. T ht$ ad\antagc ol 

this method is that it reduces the waste (heavier product> ) 

by a factor of S-IO compared to previous ni:*thocls. 

For simplicity, we abbreviate C,F, in the i’ollowing by f’. 

2. Experimental method and data 

Commercial products HBr ( Merck ). CF,I3r (Merck) and 

C,F,I (Riedel de Ha& ) wer-e used without further purifica- 

tion. BrC:F,Br was kindly given to us by Dr K. von Wernct 

(Hoechst) and Prof. Hu Changming ( Shanghai Organic 

Chemistry Institute), To prepare C,FL [ I8 1. BrC?F,,Br was 

dropped into a suspension of Zn powder in (‘,H,OH and the. 

gaseous product was pasjed through ;I trap ( 0--4°C) tilled 

with Zn powder to scavenge unreacted BrC,F ,Llr and solvent. 

C,F, was stored at pressures around I hat-. 

For the product analysis ot‘ the dibromides and iodides. we 

used a gas chromatograph wztth a heat conductivity detector. 

The 3 mm X 2 I5 mm stainless steel column was packed with 

IO% methylsilicone on acid-washed kieselg~ihr. The temper- 

ature was constant at 100°C for the iodidcs atld 147°C for the 

dibromides. The carrier gas was Hz. More ticGl~ arc gilen 

in Ref. [ 191. For the injection ofthe gas samples. we used it 

syringe. which was prehcarcd to 100-l 10°C in order to avoid 

condensation of the produc.ts*. 

The chromatography of’ the monobrotnides ( as well a*, the 

iodides in a i‘ew experiments) was done u\iny ;I gas chro- 

matograph m;tss-spectr(~tltL’ier combination ( masses I OO- 

600 g/mol ), using a 2.5-m (.apillary ( inner di~umcter 250 btm) 

coilted with 5%phenyl rneth) I silicone with :I tetnpcrature 

rising frotn 90 IO 2OO”C ( 40 ti/ min ). In contrasl to the iodides 

and dihromideh, the senhitt \:tty of the instrument ha\ no1 been 

calibrated for the tnonohrc~t~~i~ies. Hence, the data overesti- 

trtale Ihe concentrarion 01 ~hcs heavier molecules to SOIII~ 

exlent. 

lit spectra were measurc*(t in the gas phase in I O-cm glass 

cells equipped with two K( ‘I wtndows. ;I v;11\ c tot. evacuation 

and a septum for the itl.jcct 1011 ot’ ths satnplc 

Fig. I show’\ the Gngle-latnp reactor combined with distil- 

latton unit. The reaction is induced by the low-pressure mer- 

cury lamp (electrical powcar 30 W, length 770 mm) fixed in 

the axis of a cylindrical gla\s tube (inner diameter 94 tnm. 

length 680 mm ) The condensing liquid products leave the 

photoreactor via the siphon to the bulb of the small rectiti- 

cation still. The vapors leaving the column re-rnterthe reactor 

from the other end. The satnc reactor was also used for static 

experiments. For this purpose. the still was disconnected and 

the lower end of the reactor connected with II collection bulb. 

‘l‘he multi-lamp reactorc~~~ttsistsofacylindric;tlglass vcjscl 

( inner diameter 2 I6 mm. length 1000 mm) with two end 

caps ( length 340 mm each t It allows to lix two lamps on it\ 

axis or three of them par;lll~I to il in an eyuilaternl triangle or 

both sets together. The rea’~ot- has an inlet and an outlet as 

the single-lamp reactor anc.l I< arranged vertically. 

These two reactors ( single--lamp and multi-lamp) were 

tnatnly u\ed lor the dibromrcle \ystem. After evacuation. they 



were filled by the gaseous reactants BrC,F,Br and C,F.,. 2-3 
kPa of C,F, was added during the reaction as soon as the 
pl-essure had dropped, until the predetermined added quantity 
was attained. After switching on the lamp(s ). one observes 
some fog which quickly almost disappears (being transported 
tct the collection bulb by the beginning con\ection. induced 
bv the heat of the lamps). The temperature rises by S-8 K 
and I 15 K in the single- and multi-lamp reactor. respec- 
tively. For analysis, all products were collected by conden- 
siltion at 77 K. 

For the experiments with the premixed dibrornide reac- 
tants, we used a modified filling procedure: after first tilling 
in an initial quantity of BrfBr, more of it as well as the other 
components were added by bubbling C2F, through a liquid 
thermostatted stock of a BrfBr/Brf,Br mixture. Thi\ bubbler 
has also used for replenishing the reactants, and HrfBr was 
refilled to the liquid from time to time to restore Ihc desired 
r;i tio. 

For most of the experiments with the iodide and monob- 
romide systems, an active circulation was ernployl,:d. using a 
magnetically driven rotatory vane pump ( Brey ) with agraph- 
it: rotor and a pump capacity of 0.5 dm3/s. A typical setup 
( Ior more details see Ref. I20 ] ) is shown in Fig. .2. For the 
pnotoreactor, we used a desiccator of 5 dm‘ volume with a 
Icsw-pressure-H& immersion lamp ( Osram HNS. ‘(ILone-fret’ 
t)pe) of 10 W electric power. When a larger rt’actor was 
ni:eded, we used a 100 dm’ stainless-steel vessel ( Lmerdian- 
elcr about 350 mm) which normally served for storing liquid 
n’trogen: its 50-mm KF flange allowed insertion (11’ a linear 
Ir~w-pressure-H& lamp (Osram HNS 55 OFR. ‘cl/one-free’ 
t) pe, length 900 mm, 5.5 W electric power! and at the same 
titne, the gas inlet (through a tube immersed to the bottom ) 
and outlet. In one experiment with the iodides, it” used the 
1 05dm3 reactor of Fig. I with a linear lamp ( j(J W 1. put 
vcrrtically and combined with the Brey pump. In st me cases, 
ttle gas flow was directed through a cell of 10 <rn length 
u hich was placed in an IR spectrometer which monitored the 
content of C,F, (at I740 and 2 I IO cm- ’ ) and HRr ( at 2607 
con - ’ ). The progress of the reaction was also monltored by 
g,~s chromatography: samples were taken (by ;I syringe 
through a septum) from the gas phase (mainly f(ir the reac- 

tants) and in the case of the iodides also from the liquid 
phase. The final composition of the products was determined 
from the condensates. 

The products were collected by condensation at 77 K. The 
H( CzF, ),,Br products were puriiied by distillation through a 
spinning-band column at normal i 17 = I, 2) and reduced (8 
kPa for fz > 2) pressure. Due to the similarity of boiling points 
with the dibromide side products. a high reflux ratio (300) 
was necessary. Iodides and dibromides were distilled through 
a small Vigreux column. 

The UV spectra of some bromides are compiled in Fig. 3. 
which for comparison also contains CLH,Br. The spectra of 
the iodides all coincide with that of C2F,I (see Ref. [ 2 I ] ). 
which has its maximum at 262.5 nm and a half-width of 33 
nm. Table I gives boiling points t 7,) and heats of evapora- 
tion MY’, some of which have been evaluated from the tem- 
perature-dependent vapor pressure according to 

I),, AH‘ 

101.3kPa =exp 
-Y(T,, I. ‘y- 1) 

H 
(5) 

The measured AH followed sufficiently well Trouton’s 
rule, that is AWlkB = /IT,,, where h = 12.4 for the bromides 
and h = I I .O for the iodides; the latter value is matched to the 
data compiled in Ref. [ 331. Thel,efore the other hp were 
calculated from T,, using this proportionality. With this 
assumption. Eq. (5) can be reformulated: 

(5a) 

lo-‘* 

1 o-- 

Fig. 2. Reactor (desiccator with U-shaped mxnersion lamp) umhinrd with 

active circulation (vane pump). trap and IR absorption cell tiv monitoring 
the concentrations of the educts. The broken line indicates that C,F, i\ 
replenished as soon as the IR absorption Indicates that it has hccn depleted. 

,o.22 L-- L 1 
200 250 

wavelength / nm 
Fig. 3. UV \pectraofsome bromide<. The hIgherC,,FZ,, + ,Brand HI &F,),,Br 
coincide with CLF,13r. while the higherdihwmo-pertluoroalkanesdifferfrom 
II just hy ;I twice higher ahsorptlon cros\ wctwn. 



in which the n-dependence is contained in I;,. The boiling 

points reported previously (Table I ) have bezn confirmed in 

this work. For mass and 1R spectra. see Ref. / 20 1. 

3. Results 

3. I. BrC,ISBr+ C,F, 

This reaction was carried out with an exceab, crf Brl’Br. since 

more CIF, favored the formation of heavier relomerh. WC 

used pressures /J( BrtSr) = 75 kPa and I>( C’. t-, ) = Z--.3 kPa. 

Due to the deviation from stoichiometry. the (;‘?F., wah CN- 

sumed at a faster rate than the other reactant. I-lath time. after 

its pressure had dropped below 2 kPa (monitortld by gab 

chromatography, in one case also continuously by IR ~XX- 

troscopy). it was replenished to 3 kPa. The QIII~ oi‘the adtli- 

tions are siven in the tablex. The reactions w(:re carried out 

at 30°C. 

Table 2 show\ the product composition as a function ot 

conversion of BrfBr. It can be seen that the avt~rage molecular 

weight increases with the progress of the reaction. This is due 

to the fact that the initial product5 can reenter into the reaction. 

At low conversion, this effect is still unimportant, and the 

product ratio in this case will be just 2s sh(lwn in the tirst 

column of the table. This ratio can also be L,xpectcd in a 

reactor with recirculation. in M hich the reactant concentm 

tions are maintained and from which al I prodI7c.t~ are contin- 

uously removed. In the jetup below, Howell. the producl 

BrfiBr was also allowed to circulate, SO that it ~+as cvcntuall~, 

consumed, too. 

A simple trap in the recirculation systen~ transmits the 

products in the ideal case in the ratio oftheir \,qor pressures. 

At 0°C. this would be about 1:O. I 3.01 for the l)ure substance5 

BrfBr:Brf,Br:Brt‘,Br (see Table I ). A hetter selectivity can 

be obtained with repeated condensation and evaporation. 

Instead of the trap, we used ;I distillation systc m with a small 

column (Fig. I ). The heavier products accl7mulate in the 

boiling bulb. whereas. the reactant BrfBr and ;I small part of 

the product Brf,Br leave the column and rt‘tlml to the pho- 

toreactor. In this way, the reactor coiitailis mainly 

BrfBr+C,F,, so that light products will hc I’avored. TIIV 

results are shown in Table 3. It can be seen that coven at :I 

BrfBr conversion of 852, the ratio of the tirzt three products 

is still very near the initial product ratio in the altic system 

(Table 2). as expected. since the ratio ol‘rcac~~nts in the gas 

phase was kept nearly constant during the con:~~rGon. Fig. -5. 

which compares the static (closed symbols) +vI[~ rhe circtl- 

lation results ( open symbols). represents this >~tement: open 

and closed symbols are clo\c together l’or the ~~oducta 17 2 2. 

even if the educt (II = 1 J concentration widely dil‘ferj. The 

ratio of successive products I logarithmic sI+ 11~~ in Fig. 4 ) 

surprisingly does not depend ver-y much on the reactant ratio. 

Onl! the fraction of the hr,a\:ier products Brf,,Br, 17 2 5 

increases with the C>F, content. As will be discussed below. 

this an be due to insufficient speed of circulation. 

3. I..;. Multi-lmnp rfwclt~r. i77/liwrrr~r of’l~1117p p0wr 

For preparative purpose, UC’ designed and operated areuc- 

tor with fine lamps ( see Section 7) with and without recir- 

cularion. The irradiation rc\ult\ ( Table 4) shoe that in this 
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Fib. 4. Molt fractions .x., of I3r( C,F, ),,Br wth (open symbols) .md wthout 

(closed symbols) circulation. The parameter is the ratio [ C?F, I/ 
I Bl-CzFJBr]. ,I =5 actually means II 2 5. ‘The data have hrrn calm ulated l’rom 
the weight concentr;ltions of Table\ ? and 3: the sum of Y,, for !  hc data set\ 

cw I .5 and circ2.4 is only 0.9. which 15 an estimated normali/atwn Iactor 
atxounting for the heavier product\ 01 unknoa n molecular wcif:ht. 

reactor. the selectivity is as good and the efficiency i pro&c- 

tion rate per lamp) is even better than in a single-lanlp reactor 

(compare the second and last columns of Table J ). Thi, 

grtbater efficiency is probably a consequence of the largcl 

ditnensions, providing more pathlength for light absorption. 

The table also shows that the product distribution dtbpends on 

thta light power density (compare columns with 5. 3 and I 

hunp): higher power favors smaller molecular wei;:hts. This 

effect has been previously noticed / 13,241 and WIII be dis- 

cu,xsed below. The last four columns concern static reactors. 

thtv first column reports the result\ in the recirculation system 

with distillation. This column shows that with 59% of BrfBr 

co’lversion, the yield of Bt-f?Br reaches 94 wt.% ( 133 mol% ), 

Increasing the average molecular M eight of the ducts will 

also increase the average molecular mass of the racliclalb and 

T‘hle 5 

l’rcmxrng BriBr and Brf,Br ah reactant\ IYX oxplanatlons, xx Reactw 
with live lamps. temperature 37-38°C‘. 1ot.d preswre 2.5-Z hl?~ with 2-3 
I\t’a oi C,F.,. E(‘lF,!( 2 BrfBr+Brt,BI-) 1).3X 

Mr)lar ratio Brf.Br/BrfBr 
C‘w1versmn of BrfBr/“r 
t’rodu~t yieldlwt.‘ir of W,HI- 
con\crted BrfBr Brt ,BI 

Br1,Br 
Bri, , B! 

___- 
.‘Ncgatlw sign mean\ conwmptlon 

the products. Therefore. we added some Brf,Br to the BrfBr. 

Note in this context that due to a nclghbor group effect. BrfBr 

has an about five times higher ahsc)rption cross-section than 

the higher dibromides (Fig. .3: nl.)te also figure caption ). In 

Table 5. It can be seen that the 13rt‘,Br yield increase\ with 

the Brt,Br/BrtBr ratio. and that t3rf2Br is consumed when 

this ratio is :> 1. At a ratio of I. the quantity 01’ Brf,Br does 

not change. giving the impression that BrtBr WOLII~ be 

directly conbertcd to Brf,Br and IIIC higher telomers. 

The success with the dibromidc, suggested to study also 

the monobromides. Our main efforts involved HC,F,Br as a 

starting material. Compared to hydrogen-free compounds. 

the expected products will have II’\\ potential for destruction 

ol‘the stratospheric ozone. since they will be attacked directly 

in the troposphere by the OH radic~al. .This may be important. 

if’ the compounds will bc used in large quantities for medical 

purposes or in another way with c\,cntual release to the atmo+ 

phere. For comparison. we also brietly investigated CF ,Br 

and go’ very similar results. 

HC,F,Hr (abbreviated: HfBr I was synthesized from 

IHBr + C#, in ourphotoreactor. as previously described 1’2% 

77 I. We only report some additlunal observations and the 

preparation of higher telomers. 7’ht.rrr are also some intercst- 

ing differences to the other telomc,ln&on systems studied in 

this work 

The, reaction BrC,F,Br+ C,F, in a mult~lamp Icactor. For the owdition\ (except number uf lamps I and explanations. wt 

Recir~ulat~rm Static 5yslem 
--~ -__--... -- 

Nu nher of lamp\ 

Rc; ctor volumc/dm’ 

Vu umeitampldm~ 
Ah ,orbed fraction of light/u 
Molar ratio \-C?F,/BrfBr 

Cwverswn of BrfBr/% 
Bri ISr conversion velocity/p( h lamp) ’ 

Pro.luct yield/w.% of converted BrfBr BrS.Br 
Brf,Br 
Brf,Bl 

Blf. ( BJ 



3.2.1. HBr + C,F, 
The photochemical synthesis of HfBr irl the gas phase. 

using a I:1 mixture of the reactants, is very rapid. We 
observed quantum yields of several thousands, being greater 
at higher pressures. To obtain some higher telomers, WC‘ 
applied a varying exces\ of C>F,. The resulting product dis- 
tributions are shown in Fig. 5. 

In addition to these main products, we observed small 
quantities of the dibromides Brf,,Br ( altogether 14% of the 
products), whereas dihydrides Hf,,H were h,lrdly detectable. 
For stoichiometric reasons, these two side products should 
be generated in equal quantities. But probably the lacking 
hydrogen eluded the analysis in the form r)f H,. since the 
reaction of H with HBr is very rapid [ 28 1. 

Most of the distributions of Fig. 5 are close to exponential. 
This means that rephotolysis is negligible ( see also Section 
4). So. the higher telomers cannot be ohtaiocd as the main 
products. Nevertheless. with a IO-25-fold excc’ss of C,F,. the 
quantity of Hf,Br is already appreciable. Under these condi- 
tions, we observed aquantum yield for its production of about 
100. (For HfBr, the best quantum yield was ahout 2500). So. 
the productivity of this reaction is quite attractive for prepar- 
ative purposes, in particular if the small selectivity for the 
higher telomers is acceptable. The product distribution with 
HBr/C,F, = 0.04 noticeably deviates from the exponential 
shape. This is an indication that the primary products have 
been rephotolysed. In fact, the 7% convcrsiolk (,fC,F, impliea 
that all the HBr has already been consumed. So. in this stage 
of the reaction, the radicals are not further scavenged by the 
HBr. but are added to the olefin. Conformingly. at such 
extreme reactant ratios, we observed solid dc,posits of higher 
telomers if the irradiation was not stopped already after rew 
minutes. To avoid deposits in a preparative procedure. it i\ 
obviously necessary to replenish the HBr. as croon as its con- 
centration drops. 

This task was accomplished in the setull of Fig. I: we 
monitored the IR absorption bands of HBr and C&F, and kept 
their ratio constant by adding suitable quantities of HBr every 
I O-20 min. Over several batches, it turned out that the cir- 
culation speed needed to be as high as posGble in order to 
avoid solid deposits. Using 8 kPa HBr + 81) kPa C,F,, WC‘ 
converted altogether 8.4 mol of HBr and 5 X mol of C,F,. 
The collected products were distilled to isolate the various 
telomers. It turned out that the Hf,,Br have nearly the same 
boiling points as the side products Brf,, , Hr. which were 
found in quantities of 14% altogether. So, this preparatlvc 
procedure is recommended only where dibl-Innides are not 
harmful. 

At this point. it may be worth mentioning some character- 
istic side products observed when a high-ljressure H&-Xc 
lamp or a not ozone-free low-pressure Hg Lunp were used. 
Both lamps emit a few percenl of their radi;nlon below 220 
nm. the latter at IX5 nm. In addition to so~nc’ HCF?Br, we 
observed in this case. dihydrides, all of which had an odd 
number of carbon atoms ( HCF,f,,H, II = O-2 This indicate\ 
the mechanism of their formation: the short \vavelcngths can 

. 0,044 (2.0/45.4)[7%] 

. 0,094 (2.0/21.1)[iO%] 

. 0,119 (2.0116.6)[32%] 

/ 0,666 (2.013.0) [51%] 

t I,17 (2.OA.7) [41%] 

1 2 3 4 5 6 
n 

Fig. 5. Composition c’,, of the g~th~ww products Hf,,Br (not calibritted) from 
HBI + CJI. The inset indicules ~IIL [ HBrI / [ C,F, I ralio, the presaurcs 01 
HBI and C,F, in kPa and the con\ cr Gon ofC,F,. ,.,, is probably intermediate 
between wt.% and mold. 

photolyse C2EI (UV spectrum: Ref. [ 391 ). producing both 
singlet and triplet CF, [ 30 I. Whereas. the former can directly 
insert into HBr, forming HCF?Br, the triplet carbene will 
scavenge an H atom from HHr: 

‘CF,+HBr+HCF,t-Br. 

The radical HCF, can then add C,F, and/or scavenge an 
H atom from HBr. thus. forming the dihydrides with odd 
number of C atoms. Previously [ 13-16 1. we also postulated 
the photolysis of the ilrtermediate radicals at short wave- 
lengths. In fact. CF, has a hn)ad and weak absorption around 
200 nm [ 3 I 1. Whereas. the assumption of radical photolysis 
is needed to explain the CF bond splitting observed in Ref. 
[ I3 I. it cannot explain why in the present experiment. the 
odd-numbered side produclj contained practically no Br 
( except HCF,Br). The ohs<:1 vation again underlines that only 
a ft*w percent of short-wacelength radiation can be harmful. 
since the absorption cro\s+t’ctions can be much higher than 
at longer wavelengths. 

.+.I 2. HC?F,Br + C’,E’., 
In this reaction, rephotolysis of the products plays a role 

and the resulting product distribution (Fig. 6) shows some 
tendency to a Poisson form. though with deviations at low 
molecular weight ( see also the predicted distributions in Sec- 
tion 4 J. The figure also shows that a large excess of HfBr is 
necessary. if one wants to avoid the heavier products Hf’,,Br. 
II 2 5. which tend to form deposits. Due to this deviation from 
stoichiometry, to obtain larger conversions of HfBr, one must 
replenish C,F, whenever ils concentration has dropped. The 
reconversion of the products again offers the chance to con- 
centrate the products in a small range of molecular weights. 
using acirculation system wirh a trap. We briefly investigated 
and demonstrated this effecl. using the setup of Fig. 2. ‘The 
C,l:, was refilled about ever!’ 20 min, after the IK absorption, 



monitored continuously, indicated that more thar 30% had 

braen consumed. In this experiment. we again notic,ed depos- 

itx. if the pumping speed was too slow: in one experiment 

with an irradiation vessel of 100 dm-’ ;md aSS-W lamp instead 

01’5 dm” and 10 W. our pump ( 0.5 dm’/s) was noi sufticient 

to avoid deposits. 

In the irradiation of HC,F,Br+ C?F,. wc again observed 

di bromides as side products, in particular-at high Hi Brcxcess. 

Their over-all concentration was of the order of’ 5’4 of the 

PI oducts with HtBr/C:F, = IO. Ah mentioned. ththy arc dif- 

ficult to separate from the monobromides due to the similar 

boiling points. This problem can be avoided. if the! Lelomer- 

iL ltion is first carried out using tllc corresponding iodidea. 

arld then the iodine is replaced by Hr As a model xvstem. we 

prr:ferred a fully fluorinated iodide (C,F,I) ill\tead of 

HK,F,I. The latter would, howe\,er. be available lommer- 

ci Jly ( Fluorochem) or from thermal or photochen~ical addi- 

tion of HI to C,F, [ 321. 

3. (. C,F,I + C,F, 

The kinetics of this reaction in a static cell is described in 

detail in Ref. [ 331. Here, we report the selective pl-eparation 

of C#F,,I in a circulation system. In one series of’ runs. WC 

used the setup of Fig. 2. The irradiation vessel was heated to 

I (r)“C to avoid condensation of the iodides with six and more 

carbon atoms. The trap in this experiment was ;~ctually a 

th -ee-necked bulb with condenser and bulb cooled to - 20°C 

and equipped with a septum for taking samples trorn the 

liquid. The system was filled with 26 kPa C,F,I -t 3 I kPa 

C. F,. The ratio of the educt concentrations in thii gas was 

m~)nitored by IR spectroscopy. C’?F, was replenished when- 

eci:r 2 kPa of it had been co~~st~~n~‘d. Less than aboln SO%- ol 

thr* C,F,I was consumed during the experiment. ;md this 

consumption was not compensated. In the condensate, wc 

determined the ratio C,F,?I/C,,,F,,I. It is given iti Table 6. 

Htaavier iodides were not found, and more volatile iodides 

reljresent no loss since they can be reconverted. 

Obviously, this ratio decreases with progressing conver- 

sion of the educts. This is probably because an increasing 

average molecular weight of the i’ccd favors heavier products. 

Fc’r compensation, it would certainly be better to replenish 

al’o the C?F,I or not to substitute the full consulnption 01‘ 

C:F,. 

The magnitude of this ratio deserves special attention. .4 

ra110 of 8 at 27% conversion of the starting iodide ( last line 

of the table ) means that only I /9 = I I c/c of the products are 

lo>,t in the form of heavier products. This should be contrasted 

with the losses in the thermal process which are olten much 

greater than 50% ( see for example Rcfs. ] 34.35 ] : /or a therm 

m;il process with recirculation see Ref. [ I7 ] ) 

In another investigation ofthis \yntem. WJC: used hlghertrap 

terliperaturea (room temperature and 40°C. reaclor: 100°C. 

circulation system similar to Fig. I ), so that the 1owt.r product 

iotlides did not condense. The irradiation was continued until 

much higher conversion of C,F,I ( up to 98% ), TIIV results 

30 - 
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20 - 
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0” 
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10 - 

5- 

. . . . . 1 (18117.2) 
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v 2.9 (23.5/8 0) 

-v- - 5.8 (36.516 3) 

. 6 (27.514 6) 

+ 8 (48/6.Oj 

-x- 13,2 (30 S/2.3) 

are shown in Table 7 and Fig. 7. It can be seen that the larger 

the depletion ofC,F,I and the light iodide products. the more 

the maximum of the distribution shifts to larger molecular 

weight. At 98% depletion the maximum is at C,F,,I. It is 

natural that in this case, the next member is less abundant by 

only a factor of 3. On the other hand. it is worth noting that 

without the circulation system. a much broader product spcc- 

trum ( ;I Poisson distribution) i\ expected for such high con- 

version [ 41 ( see also Section 4 I ;~d has been observed in 

Ret’s. ] 34.35 ] in telomerization without circulation. It has the 

Sorm 

111 Ii 
\-,,=exp( -HI) - 

II! 
(6) 



Table 7 
Product distribution from the rwctiml C?F\I + (‘,F., in ./ \tdic and recmxI;Ltion rexto-. ZCLF,, mrzmr the total ( ix Initid + added) quentit) of (‘,F,. Lamp 

30 W, rector of Fig. I (hut vcrticnl I. reactor tcmperatt~rc IOO’C, pressuw~ meaured ilt the reactor tempenwrc 

Reactol Static Recirculation 

Reactor wlume/dm‘ 

Trap temperature/“C 
Molar ratio CCZF,IC,f:,I t initinl) 
Molar rxio CC,F,/C?F,I (T&d i 

Irradiation timeimin 
Conwkon ofC,F,I/‘~ 
Product yield/mol4 of conbcl-ted C .F. I 

Molar ratio C,F,,I/C,,,F,,l 
Quantum yield of C,F, consumptirw 

I Oh 

26.7!X.7 

o.K!s 

I71 1.71 
22 30 
26.7/26.7 26.7:26.7 
66.1/16.7 100/36.7 
710 308 
94.3 ‘)7 0 

Zf,.3 5.0 
30. I 26 9 
2 I .6 ‘MS 

6.5 15.X 
0 0 5.x 
3.3 2.h 
0. IO 0. IO 

“No replenishment. During the rwction. the preiwre!, OI (‘J-, and C#,l dropped from 26.7 to I .Z and IS.3 kPa. rqx~~(l\.zly 

t\ 

- -- stat 42% 

- - circ 92% 

r: 4 ctrc 94% i 

n 
Fig. 7. Mole fractions Y,, 01’ C,F,(CLF,),J from C,b,l I~(‘~I;, in the stxic 
and recirculation aywm. Par;tmeter ix the con\erGon I - \,,. A Poi>wn 
distribution with w= 3.3 (Eq. t 6) I 15 shown for cornpa) iwn. 

and is also shown in Fig. 7. .x,, is the mole fraction of the 
products and vz is the number average of n. The ratio of C,- 
to C,,,-iodides for the Poisson distribution would be near I. 
which is three times worse than in our ebperiment with 
circulation. 

Table 7 also shows a remarkable result: in spite of the 
broader distribution (compared to Table 6). the product 
C,F,,I corresponds to 100 wt.% of the consumed C:F,I at 
98% conversion. An even better result ( more rhan 200 wt.% ) 
can be expected. if the distribution is narrnved down as 
discussed below. 

4. Discussion 

The experiments demonstrate that with circulation, a much 
better ratio of heavy products i$ obtained than without, and 
that this ratio can be further influenced by the conditions. It 
is helpful to consider a simplified kinetic scheme for undcr- 

standing these influences arid other observations. such as the 
difference between the three halides HBr. organic bromides 
and iodides. We will also use rate equations to find out the 
parameters controlling the process. Quantitative predictions 
are not intended. Hence. we can make many simplifying 
assumptions such as opt.ically thin conditions and rates inde- 
pendent of molecular weight 

Telomerizations are chain reactions which include notonly 
the customary initiation, propagation and termination steps. 
but usually also a chain transfer. The latter either transfers a 
hydrogen atom (from HBr) or a halogen atom to a radical. 
In spite of this similarity. the system HBr+C,F., behaves 
differently from the other reactions. For interpretation, we 
use the two kinetic schemes in Schemes 1 and 2. For the 
considerations to follow. WC assume for simplicity that the 
rate constants do not depend on the size of the molecules ( see 
end of Section 4.1.3 for effects caused by this 
approximation). 

4.1. 1. Fast chin trms~tir: HHr f C,F, 
This reaction differs bon) the other systems in several 

respects. 
I. The chain transfer (in this case. an H transfer) is vl-ry 

rapid and can easily compete with the chain termination 
( radical combination). Therefore, the kinetic chain len,gth 
( = propagation rate over termination rate) and the quan- 
tum yield are very large. 

2. The reactive species ( Br) directly generated by chain 
transfer can only recombine by a three-body collision, a 
process which is slow. This increases the chain length 
further. 
Due to the large chain length, most Br atoms are generated 

by chain transfer. The contribution by HBr photolysis is 
below 0.1 %, concluded from the quantum yields above 1000. 



HBr + hv -+ H + Br (01 I HBrl) 

H + HBr -+ Hz + Br 

R + R’ --f RR’ (kn~.[R’l) 

R + Br + RBr 

Br + Br + M + Bq + M 

R + Brz + RBr + Br 

!  theme I. The most important reaction <tep\ for HBr t C?F,. (‘.F: i\ abhre- 
I [ated by f. Since practically all hydrogen atom\ arc .xmumxi hy the very 
elficient scavenger HBr [ 28 I. this step has heen listed under II~III~IIO~. The 
Twst efticient third hody M in this \ywm 15 Br-. 

RI + hv + R + I id [RI I) 

onandcbam wmtw 

Rff Rf21 RI,1 
+f Cl +I 

1+I+M -+ I2 + M 

S;.hemr 2. The most important reaction hlep\ for RI + C,F;,. ( ‘,I;, i\ ahhre- 
viated hy f. For the bromidea, the terminalions consiar of the retx)mbinatwn 
R + R’ and the reaction R + Br,. the relative contribution\ 01 a hlch depend 

o I the ccmditionh. 

l’herefore, one can also neglect the photolysis of tht: primary 

products, unless HBr is used in very small concentrations or 

has nearly been used up after high conversion. 

In the case of high conversion, rhe initially formed bro- 

nlides are rephotolysed in the presence of HBr. However, 

they will not eventually form the higher brolnide\, bul 

(di)hydrides, since the radicals rapidly abstract 111 H atom 

f?om HBr. So, in the presence of HHr, rephotolysi,- combined 

u ith continuous separation of the higher hromldcs is not 

‘11 ritable for selective preparation of the latter. Witl, negligible 

rcsphotolysis, an exponential product distributio,l over the 

degree of polymerization is expected. In fact. the curves for 

I~~w conversion in Fig. 5 art’ fairly well approximated by 

e xponentials. The ratio of the quantities of succraahive bro- 

nlides is [ 9 [ 

I Hf,, Brl 

THf 

=,+ k,,lHBrl 
,, + I Brl k,,IGF,l 

(7) 

H here the rate constants for H transfer k,, and addition of C,F, 

k,,,. ( ‘propagation’) were assumed to depend only little on II. 

From the logarithmic slopes in Fig. 5, we get k,,/k,,, = 15-X. 

This large ratio is responsible tor the relatively small molec- 

ular weight of the products. Obviously. the slope of the dis- 

tribution is controlled by the concentration ratio y= [ HBr] / 

[C,F,] A small such ratio requires replenishment of HBr 

from time to time to keep yconstant and also demands a good 

gas circulation to avoid local depletion of HBr. A small y 

allows convenient preparation of the higher bromides with 

good quantum yield, though not selectivity. This has been 

demonstrated in the previous seclion. The conversion rate of 

HBr and production rate of the bromides has been derived in 

Refs. [ 16.27 [ from the assumption of stationary Br and rad- 

ical concentrations to be 

d[ HBr[ I:7 -- 
dr 

=/, ,, .[ HBr[ I” ,(rr/.‘.?X KK ) (8) 

where X,, and k,, are the rate constants for H transfer and 

radical combination. cris the abxorption cross-section of HBr 

and I the intensity in photon\ cm ’ s ‘. Dividing by the 

absorbed power crl[ HBr] givez the quantum yield 

(~,,,~,=h,;[HBr]“‘.(?k,,trl) ‘I’. (9) 

For our conditions (0. I W cnl ‘. 25 kPa HBr 1. one cal- 

culates ~=77500. We actually tound somewhat smaller val- 

ues ( 2500). A possible reason tor this deviation can he a 

small Br, content which coultl Lcavenge a fraction of‘ the 

radicals 

A much slower chain transfer is characteristic for all the 

other reactions studied here. In fact, it turned out that under 

our condition5 (gas phase. not too small conversion ), it is 

even negligible. It would involve the transfer of a halogen 

atom from the educt to a radical. This is easiest for the iodides 

and. due to a neighbor-group el’t’ect. also for BrfBr. But in 

the kinetic work on C,F,I + C,F, [ 31 ] it has been shown that 

under practical condition\ ( ril.+n-negligible conversion). 

another reaction of the radicals wins the competition with 

this transfer: the reaction of thl: radicals with accumulated 

molecular iodine. This reaction I\ w fast that even the radical 

dimerization can be neglected (In case of a low-intensity 

lamp. which produces only a low radical concentration J. 

Therefore, we omitted the chain tlJn$l’er and the radical com- 

bination from Scheme 2. Due 11.1 its kinetic Gmplicity. we 

concentrate on the iodide system 111 thi\; section. 

The reaction R t I2 can be considered as terminating the 

chain. since the iodine atoms produced are relatively unreac- 

tive. Formally, the iodine recombination is also part of’ the 

termination. Its rate is slow. since it requires a third body M. 

(The most efficient M is 1: iiselt [ .%[ ). It is. however. not 

necessary to know this rate for c;tIculating the I, concentra- 

tion. since after a short time the Ialter will. for stoichlomztric 

reasons. simply be equal lo the, i.onccntration of radical 

dimers [ 33 [ : 

II,l==IR ,I 

unless it is limited. e.g.. by its vapor pressure in the cold trap. 



The ratio of the propagation rate over the termination rate is 

called the kinetic chain length IL For the iodide system it C~JI 

be written: 

v=k,,lC,F,ll(k,lllll) (IO, 

It is equal to the average number of CIF, units added 10 

the starting iodide to form the telomer product:,. If there is no 

rephotolysis of the products, one expects an exponential dia- 

trihution of x,, = 1 Rf,,X ] /C,[ Rf,X]. In fact. the distribution 

observed at low conversion (325% in Fig. 7. .:\/en better at 

lower conversion) is close to exponential. Denoting by q the 

ratio of successive products (see also Eq. (A I ) ). one can 

write ( see Appendix A) 

s,,=exp(-7) (II) 

x,,=( I -q)q” ‘(l-x-,,) r 12) 

where y=~/(~+l) r 13, 

and r=~lqt or alt. ( 14) 

In normalized time T. the factor y should bc omitted if the 

chain transfer dominates ( it‘ the 1: conccntrat,on is negligi- 

ble). whereas it should be added il‘ the back-formation of the 

starting halide RX from the primary radical K cannot bc 

neglected. such as with non-negligible ( I, 1, In ~h(: latter case. 

y is equal to the quantum yield 4‘ for convt’rsi( III 01‘ RI. 

Also with the bromidcj. the halogen atonr transfer to a 

radical is only slow. In the chain termination, there are, how- 

ever. differences to the iodidec. Since the addition of Bratoms 

to C2F, is probably fast. molecular bromine c:lnnot accumu- 

late much. If there is any accumulation. there ian be at best 

a steady-state bromine concentration. which will increase 

with the photolysis rate ( inten\;i(y and absorptron cross-set- 

tion) A termination by radical combination ws been \ug- 

gested for the telomcrization of BrC,F,Br- + 8;: ?F ,. and the 

intensity dependence ot‘ the product molecul::r weight wa\ 

successfully modelled with \uch kinetics 124 1 On the other 

hand. the kinetics of this and similar system> with p~dsctl 

laser excitation was interprctcd it1 terms of~m< contribution 

of Br2 I X,37 ] The two channels of product fog mation can bc 

distinguished in the system HC’,%F,Br+ (‘:F.,. Radical com- 

bination forms dihydrides and thbromidc\. \ca\ cnging by BI , 

forms monobromides ( Ht;,Br), We found a ~;itio of dibro- 

mides/monobromides of typically 0.05 under ()ur condition5 

( see Section 3 ): but using a iocused I -hQ’ Hg Xc lamp thi, 

ratio was up to 0.4 1201. So. we believe that thi: contribution 

of radical combination i\ non-negligible. eal)ccially when 

using BrC,F,Br with its high ab\orption cross section. 

Product-fbl-mation via radical combination makes product 

distributions (.r,, a M/‘~. iflhc rate< do not dcpetld on II) dcvi- 

sting from exponential to tavor higher molci ular weights. 

Another deviation is caused in the dibromidc .,! ktem by the 

jl-dependence of the photoly\is r’ate, being ah,)ut file time\ 

larger for BrfE3r than for the products Brf,,Br. :\Iw. the addi- 

tion of Brf to C,F, is noticeahl! faster than that ofthe heavicJ 

Brf,, [ 241. But the analysis in the previous and following 

sections is still qualitotivel~ i,orrect. in the sense that the 

parameters controlling the molecular weight distributions are 

the kinetic chain length c’ ( =: propagation rate/termination 

rate ). the converGon and the molecular weight or compo%i- 

tion 01‘ the starting bromides. 

In thins and Section 4.3. UI’ will again consider in detail 

only the iodide system. Ifall lhc iodides are photolysed at the 

same rate ~1 and if C,F., ih kept constant by replenishing, 

then rhe mean number (II) 01’ C,F, units contained in educt 

(0 units ) and products incrpa\cs linearly with time. with a 

rate proportional to V: 

d = “tr, 
dt 

(15, 

For the mole fraction .Y,, 01‘ the products, we derive in 

Appendix A an exponential multiplied by a polynomi.al 

F’,,“( 7) of degree II. containitly q as a parameter: 

r,,=l’,;‘J (7)cxp(-7). ( 161) 

Thcsc functions arc represented in Fig. 8. With increasirly 

7. l%q ( 16) describes the con!iIIuous transition from an expo- 

nenti;Ll to a Poisson distributir,n. The term with highest powct 

in 7 has the form exp( - 7) I I I q) ~)“/fl!. That is. at lo~lg 

time!, or high conversions. oni’ expects a Poisson distribution 

( Elq. ( h ) ). whose maximum %lncl average II are proportion.ll 

lo time. Numerically, one find that the curve uith 7= 5 ia 

close to a Poisson distribution with tn = 4.5. It is e\,ident from 

the figure that the distributi(ln< quickly become broader as 

the conversion proceeds. l-hi, broadening is e\‘cn faster wilh 

a larpcr value ofq. So. to limll rhc products ot’high molecul;u 

weight. the mixture should bc’ ~,z nt to the trap at an early stage 

of the conversion. 

The cxpcrimcntal distribulions c,, of the iodide5 in Fig. 7 

arc narrower than a Poisson cliitrihution and do not broaden 



with time. This is due to the effect of‘ the trap ( set below). 

However. (n) grows proportional to time ( T== - Inc .t,,) ) and 

the maximum of x,, shifts accordinglq, and at early time. the 

transition from exponential to a distribution with maximum 

can he observed. Whereas, in the dibromide system ( Fig. 4). 

the latter feature is also noticeable, the shape and nlaximum 

of-i,, are fairly insensitive for the conversion I --x,,. I’his may 

be due to the fact that the (re )photolysis of the hi;:her bro- 

milies is about five times slower than that of BrfBr. fhis is in 

contrast to the iodides and the rl-independence of the rates 

assumed above. 

We can also conclude from this section that both the con- 

WI sion I -..r(, (or T= -- In(x-,,) ) and the kinetic chirin length 

v :,re control parameters for the molecular weight For the 

iodide and bromide systems. I’a [ C2Fj] and for the iodide\ 

aIs,! va [I21 -- ‘. which can be controlled by the trap temper- 

ature. Other control parameters are expected to be the btarting 

ratlo of halides (if a mixture is used ) and the propcrtics ol 

the separation system (trap). They wrll be discussed below. 

4.3 Circlrlrrtion .syvtenr 

In the circulation system. the heavier products RI,,1 will bc 

corltinuously removed, if their partial pressure comes close 

to the vapor pressurep,, at the trap temperature. (In a mixture. 

durt to solution effects, it is not necessary to reach the full I),, 

of the pure components). These vapor pressure~~ depend 

alnlost exponentially on II. since the heat of evaporation AH 

is llroportional to the boiling temperature r,, ( at IOI .3 kPa) 

ant: the latter increases by about 45 K for unit incrca\e of II. 

ThcL functional dependence is given by Eqs. ( 5) anti ( 21). It 

is shown in Fig. 9 in relative unith. denoted S,, ( ==,+I,,/ IO I .?I 

kP:i) for trap temperatures T= 273 and 3 I3 K. together with 

the product distributions .Y,, b (Tenerated in the reactctt- at low 

co1 versions. Approximately,/),, is a limiting line: the trap will 

influence the iodide partial pressures .v,J~,,,, (/I,,,, >urn ot 

iodtde pressures), if the latter comes close or even el\ceed the 

II,, Ime. tither due to increasing conversion or to a c.hoicc ot 

a hrgh [ C,F, ] / [ I2 1 ratio or to lowering the trap tenlperaturc 

(wGch shifts the I?,, lint). However-, I’,, al\o hax ;I more 

qu;‘ntitative meaning: if, as in practice, the separation unit 

alnlost completely condcnsc\ the heavy products. ~hc com- 

position of the condensate will bc just as protluc~~ti in the 

reactor. The vapor passing through will be dcplctcd by a 

separation factor S,,. If the separation unit (trap ot- ,till ) has 

a nllmbcr np, of theoretical plarcs. 

s,,clp,:‘p’. (17, 

Multiplying x,, by S,, means adding the curves ip the log- 

arithmic plot. so that the distribution returning to the reactor 

has a steeper slope at high 12. The S,, lines shown in the figure 

correspond to /lp, = 1. To convert to pressure units. multiply 

S,, ‘5~ the normal pressure ( 101.3 kPa) and J,, by the total 

pre>sure JI,~,, of the iodides, for which IO and I kPa hill-e been 

asslimed in the Fig. 9a and h. rcspcctivcly (I’), is tre.lled hen! 

X” 

0, I 

LIS a variable which is easy to mca’rure. although in principle. 

It can be calculated from the x,, and the trap temperature ). 

The figure shows that with y = 0 I and p,,,, =:T IO kPa. con- 

dcnsation of RfJl begins around 7~ I. I ( i.e.. with a convcr- 

sion of I --(J ‘= 67% ). but with ‘1 = 0.3 and /J,~,, = t hPu. it 

begins already around T= 0.4 I i.cft>vcrsion 33% ), and c\en 

earlier at higher pressure. This i.k ;i consequence ot‘ the t‘act 

that a larger c/ enhances the hca\ IU products. II al\o \how\ 

that the higher quantum yield ( p (/! ) rcquireh an ‘lccelera- 

tion of the circulation more than proportionally to the higher 

conversion rate. To avoid high motec~ular weights. me should 

profit from the steepness ol‘.~,, at \u~all rand induce condcn- 

bation as early a\ possible. Thi\ C‘;UI he attained not only hy 

making S,, steeper (by lowering ihcr trap tempcraturc or 

increasing ,I,,,). but also by incre;i\ln,c the total iodide pres- 

sure. hincc .r,, must bc multiplied hy it to convert them to 

partial pressures. Actually. 1~~)~ w;I’) tligher in the experiments 

than in Fig. 9. The tow pressure in iliis figure wasonly chosen 

becaui;e it allows to better illustrator the principles. 



We can draw several more conclusion5 from these 

considerations. 

1. Since the product distribution depends oil ua 1 C:F,] / 

[ I?], any change of [ I2 ] by varying the trap temperature 

requires a proportional change of [C,F.,] to avoid change 

of the product spectrum. We found thic effect in the 

CLFSI + C,F., system: at room temperatur.!. without cir- 

culation and low conversion. the ratio [ (‘,F,I ] / [ C,F, ] 

optimal for C,F,,I formation was I :3 1 20 j whereas. with 

circulation and a trap temperature of -- WY ’ I reactor ten)- 

perature lOO”C), it was I: I.5 (Table 6). In the former 

case, the I, concentration varied during conversion (being 

visible by its violet color) and was certainly higher on the 

average than in the latter cast’. 

2. If R in Scheme 3 already contains a numDcr /7,, of C:l;, 

units. the above analysis including the rejlllting distribu- 

tion (as a function of/r) will not change; but the maximum 

will shift by ~1~~ to the right. it’ plotted v8.!I-xus the total 

number II f/z,, of monomer units. So, the product distl-i- 

bution can also be controlled by injectill:: product\ of 

intermediate molecular weight. Thi\ ha been dcmon- 

stratcd for Brf,,Br. 

3. If the conversion is too high in one cycle. VI equivalently. 

if the circulation is too slow, molecular s,vcights higher 

than desired may be produced before condensation can 

begin in the trap. In such cams. we observei condensation 

already in the reactor. Deposits on the UV Gndow\ or the 

lamps would be serious. since they can be i’urthcr photo- 

lysed and increase their molecular weight ho that it may 

eventually he difficult to remove them. B:\ide\ accetcr- 

sting the circulation, also heating the windows ( lamps) lo 

a temperature above that of the surroundi1.g help\ to prc- 

\jent deposits. 

In one version of our circulation system. me used a small 

rotatory vane pump with a throughput of up to 0.5 dm‘/~ An 

elegant circulation method. which is capabl:- of very high 

speeds and does not need moving mechanical parts. uses 

thermal convection: if a vertical external tube I ltlngth 1. diam- 

eter d). connected at hoth ends with the reactor. would bc 

colder by JT than the reactor, the difference in hydrostatic 

pressure is 

(Ik) 

(p=gas density. g=c).X m/s’), which for instance with 

AT= 100 K and p corrcspondlng to atmosrlheric pressure 

would drive a flow of 26 dm’/s in a tube of tl-50 mm 

(calculated using Poiseuille’s law), The flow would be even 

faster with condensation. or 11 the temperalure difference 

would be between the wails ot‘ the reactor and its axis. In mc 

of the setups ( Fig. I ). we used a passively th i \ en llow with 

condensation. To maintain the xeparation efhc,iency in spite 

of the fast flow. one should initially precipitate only the UN- 

densable material and distill this in a 3cparatc unit, 

In the experiments with recirculation, the reactants were 

replenished. but the product\ accumulated in the system. In 

a really continuous process, the products also should be with- 

dra\vn. A steady state can be reached if the iodide feed is 

equal to the product stream of the product iodides altogettler 

( both in mol/h). This follows from the material balance of 

the iodine atoms. It is easy to calculate for this case the iodide 

mole fractions .Y>!“) III the liquid products ( for calculating the 

eras;-phase composition, multiply these x,,“’ by p,,). This has 

Lcen done in the Section A.? under simplifying assumptions. 

and the result is shown in Fi;!. IO. The parameter r is the ral.io 

of phototysis rate over feed rat&: and I / ( r + 1 ) is the depletion 

of the feed iodide ( RI) in the b.teady state; .s characterizes the 

separation efliciency ( vapor -pressure ratio of successive 

iodides ) and y is as before 1 Eqx. ( 12) and ( 13 ) J. Qne can 

XC that r-and .Y influence the distribution of the light products. 

but the ratio of heavy plotlucts (logarithmic slope) is 

always = y. independent of conversion and separation clti- 

ciency. This ratio is equal a4 in the case of IOU conversion in 

the static case. Thih may be unexpected at first sight. But L, i\ 

also equal to the relative probability that a radical add\ 

another C,F, compared to the total reaction rate ( Eq. ( A I ‘I). 

which does not depend on the circulation and separation. 

5inclL the time scales arc \‘er;%’ different. 

The predicted constancy ot slopes agrees remarkably NoI I 

with the experimental result , )I’ ( a semilog version of) Fig. 

7. the effective (4 varying onI\; little: from 0.12 to 0.33 with 

the c~onversion dramatically Increasing (the 4ight \ ariation 

could have to do with the filet that in the experiment. the 

products were allowed to acc.umulate, so that their concc’n- 

rration wah not stationary I. The shape5 and shift< of the 

curves in dependence on the conversion show a \imilaragrce- 

merit. Thus. also the shape L\ hich was found to be narrow 

compared to a Poisson distribution is explainrld as ‘I consc- 

~UCIICC of the exponential di\trihution. 

IO' 

x 
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The calculation assumed for simplicity that the feed con- 

sists (together with the necessary &F,J oniy of’ RI 

( =C2F,l). The heavy-product ratio would be the same, if 

or,c injected a heavier iodide, as well as if a mixtut c of them 

W;IS used. The resulting distributions would look similar to 

those of Fig. 10 for higher r ( higher conversions ). Y-his result 

is useful for a practical improvement of the process: whereas 

in the calculation, the liquid product stream still oonra~n~ light 

iollides. in a production process one would xepara~c them 

externally and reinject them to the reactor. As a occult. the 

net feed would only consist of C,F,l + C,FJ and GIL product 

would be the desired heavier iodide, the quantit\, 01’ coven 

heavier side products being characterized by the el t’cctivc (1. 

A patent [ 171 using a long reactor f’or thermal tt’lomeri- 

zap ion of C,F,l + CIF., claimed a similar quality (,I. producl 

di!,tribution as in this work. The intermediate iodtdcs were 

exiernally separated by rectification and then indiviJually rc- 

fetl at different positions to the tubular reactor. SKI that the 

he,dvier the intermediates, the shorter was the additil)nal rcac- 

tion time. However, as we have shown. the ratio clt’ heacic] 

product depends only on y, not on the reaction titTc. On the 

otller hand, (I also depends on 1 I, 1. Probably, this conccntr;I- 

tion increases along the reactor ( longitudinal tlou ). so that 

the, iodides injected near the exit will experience ;I ,cmallcr (1 

( steeper logarithmic slope for the products ) A diret:t colnrol 

ol‘ 1 I,] would probably be simpler. 

5. Concluding remarks 

l)olbier says in his recent review on reactions offltlc~roalkyl 

ratricals: *‘What remains to bc done in this arca i. ;L tough 

jotl: to find conditions for optimi7atinn of prodilztion 01 

telS>mers with various specilic degrees of polymer l/ation.” 

[ 101 This task has been solved in this worh for tl.1~ special 

cast that the primary products can re .cnter into th<, reaction 

ant I that the products can be continuously scparatctl by I rat- 

tioiial condensation or distillation. We ha\,c clenlonstr;lted 

se\ era1 examples in a laboratory setup in batch opcnition. ‘The 

tnethod is. however, even more ;Ittractivc toI- cchntinuous 

opk’ration. In this case, one v+ould replenish the rl’actants 

( c.c.. C,F.,+ halides of low nlolcc~ular weight) ;1,1t1 kc’lcc- 

tivibly remove the product halides ol high molecular- weight. 

Th L composition in the reactor would bc completeI Itation- 

arq. Hence, the net reaction would be the conversI( 113 of onus 

or ,everal different light halides to ;I narrou distril~ution of 

he; vier ones. The ratio ri ’ of the dctlrcd product 10’ the next 

heavier one only depends--in the idcali7ed thcor! OII 11x 

pri nary distribution produced in th c’ rcactoi’ whicli is ~~oii- 

tro’led by the kinetic chain Icnglh I’ (17 ’ = I - P ’ ) In prac- 

tict-. we found slightly narrower distributions ( Smalley 

effisctive y) at lower conversions. In batch operaoon. il i\ 

desirable to have a high conversion ot the starting tll;lterials. 

In 1 he system C2F,l + (1,F,. wc have demonstrated ih;tt cvcn 

with 9X% consumption of C,F,l. we has still ;I m~~lar ratio 

of:,: I forthc C,overthe C,,, iodides. i!‘the cirzulatit’~~ \>\tem 

is used (Table 7). This is clcarll much better than in the 

static cake. In continuous operation. however. there iq no 

necessity to have a low C?F,I concentration in the reactor. In 

this case. the selectivity for the desired product can bc much 

better than in the batch process. if ‘gain, the averapc molrc- 

ular weight is kept at low valucx by choosing a low 

lva [ (1,F, I/ [ II j We have dctnonslratcd a value of up LO 12.5 

for the ratio of C,F,,l to the highct i&ides ( Table h ). 

The process works very well for thr systems C,F,l t c’ :F, 

and BrC,F,Br+ C,F,. so that high r iodides and dibromides 

can be Tclcctively prepared in this way. up to the limit where 

Ihc products ari: no longer volatile. With monobromidcs, 

however. one always observes suhsrantial quantities ( 5(/r ) of 

HI-( C2F1 ),,Br as side products. 01’ zourse. with Brl’,F,Br as 

cduct. they are identical to the Itlain products. Hut ii’ the 

desired product is a monobromidc with even number of C‘F? 

(lroups. the dibromides are diflicult to separate clue II) acci- t- 
dentally almost equal boiling point,. With CF,Br as starting 

material, however, the main products have an odd number of 

CF, groups. in contrast to the diblomide side products; the 

mallest difference of boiling temperatures is about 20 K. so 

Ihat separation should be feasible. In other cases. one may 

wish to exchange the Bt- by another substituent and the scp- 

aration may be possible afterwar&. In general. howcvcr. it 

will be prsi’crable to prepare the monobromides vi;1 the cor- 

responding ioditles [ I 1. 

To control the process. the coinposition in the reactor 

should be kept constant. A very convenient method provides 

In the trap a liquid stock of il.)didrac s) or bromide( s) whose 

partial prcssuro is then determined by the temperature. The 

oletin pressure can then simply bc :nonitored and controlled 

tq the lotal pressure. ( Wc used this method w!lth 

l%rCIF;,Br- i- C?F, in se\:cral prcpa~~ative runs not reported 

here!. In particular. in cases whcr~. ii11 extreme ratio of 1111: 

reactants was required. WC uscti ;L more advanced analysis 

technique such as infrared spectrrl\ct)py or ga\ chromatog- 

raphy. H(>wever. in the systems c’, F: -t-C$,l or BrC,F,Kr. 

rhc required ratio of the reactant:> js not far from \toichio- 

metric. so that rrplenishmcnt is INN often neceshar! and c;ln 

t.>wn be done by hand. 

That the ratio [ C112., 1 / 1 I, 1 is :I control parameter in the 

iodide system was derived from the assumption that the final 

products RI l’orm by reaction\ 0~1‘ the radicals Ii with the 

molecular iodine. Thiy mechanism Implies that the qu:ultum 

L ield q 1’01 con\,crsion of the (startill!; halidc ncvcr exceed\ I 

‘T‘hc difference to I is due to tht, X\L ;I\cnging of the primary 

radical by I ,, ( Compared 10 this rt%;ictlon. the IOSS by r:ldical 

i,ornbinatioh can almost be ne,gL:c ted with the stllall 1 R 1 

produced by the low intensities) With the trap cooled to 

lbt~low room temperature. we rcac,h4 p= 0.5. MuA highct 

quantum J ields can ht. predicted. iI’ 1 I, 1 is further r4uccd 

until its reaction with the radical\ s slower than the chain 

tranl‘ct- (iodine transfer) in R t RI and q”> I is feasible in 

this cast. I Ising the rate constants 1)~ Rcfs. / 33.7X 1 and 1 RI 1 

c,ot-rcsponclitig to atmospheric prc~,surc. we find 



li,l[I,]lk,,[R1] if [1&2X10- 7mol/dm’ 

(1 2 pressure OSPa). 

This corresponds to the vapor pressure of iodine at - 20°C. 

To keep [IzJ so low is probably feasible by washing the 

iodine out by a counterflow of the liquid iodidcs. In this case. 

the control parameter will be v’ == k,,.[ C,F,] lk,, [ RX] and the 

CIF, concentration must be appropriately reduced to keep 

q = v’/ ( v’ + 1) below 0. I-0.3. With sufficiently small 1 I, 1. 

cp will be limited only by the radical recombination. With 

] R] similar to ours. one can deduce the chain length from 

the ratio of iodide products to recombination products;; the 

ratio given in Ref. ] 3X] f-or the very similar system 

CF,I + C?H, implies (~5 200, if { 12] = 0. We believe that at 

least cp= 1 should be practically feasible. 

The quantum yield may not $cem importanr in view of the 

small photon costs: a low-pressure Hg lamp of 55 W electric 

power ( 15 W or 0.1 1 mol/h of UV quanta at 254 nm ) costs 

about SO USD including power supply and h<ks a lifetime of 

IO 000 h. IJsing the data of Table 7 (q= 0.1. 1101 optimized ). 

one calculates a production of 6 g of C,F,,l per hour in a 

single-lamp reactor. With the moderate improvement of cp to 

0.5 by lowering lIr] and with II IO-lamp reactor (which is 

still a laboratory setup; ;L reactor with five l:lmps has been 

demonstrated), one calculates a C,F,,I production of03 kg/ 

h. It would be desirable to check experimentally whether 

better washing out of 1, would increase rp and the productivity 

even more. as suggested. An alternative would be to take a 

lamp of higher power per unit length. but h ith a spectrum 

which is still in a narrow range and is fully abic)rbed. A good 

candidate would be an excimer lamp ( KrF at :‘.4X ntn or XeCI 

at 30X nm) with its similar efficiency, but a power around I 

kW per m of length [ 39.40 ] ’ 

These numbers also demonstrate that in contrast to a widc- 

spread opinion, the throughput in a gas-phase reactor can he 

substantial. Its dimension is not much larg,:r than with a 

liquid: the necessary diameter i\ only a small nlultiple of the 

absorption length of the light, which was kepl below 3 cm 111 

this work by choosing a not tcto small pressulc of the halide. 

Thus. the space-time yield calculated for the .~xample above 

is only 23 times smaller than In the conventional method\ 

disclosed in the patents 1 17.35 I. It should 4&i) be noted that 

the separation in the circulation \ystem hy me:~rr~ ot’the vapc)~ 

pressures does not require that the reaction it,,clf‘is also car- 

ried out in the gas phase. nor is it necessa~~y to choose a 

photochemical reaction. One may also thinh r~f an IR-laser 

induced reaction [ 4 l-4 ] 

Finally, we should also mention that the photochemical 

reactions studied here arc very clean. That is. with due cat’e. 

there is no darkening of windows or lamp wall i due to dccorr- 

position products. This is in contrast to ( radic;il ) photochern- 

istry of compounds with many (.‘H bonds. whclc the radicals 

can frequently disproportion;lttr. givin? ~7 rise to uiisaturated 

compounds with higher absorption at the irradiation wave- 

length. In fluorocarbon chemistry, such disproportionations 

do not occur at normal temperatures. The necessary care 

involves: 

avoiding (by suitable temperatures and circulation 

speeds) deposit of the heavier products on the windows 

or lamps: once deposited, they would be photochemically 

converted to even less volatile products; 

avoiding hydrocarbons including traces of pump oil. Per- 

fluoropolyethers ( e.g.. Fcmblin. Ausimont ) as pump Ioil 

present no problems: 

avoiding wavelengths shorter than about 230 nm. espe- 

clally the 185 nm Hg line. These would give rise to side 

reactions such as photolysis of C2F, (to singlet and triplet 

C’F,) and of the intermediate radicals (causing CC and 

CF bond splitting). Such wavelengths are suppressed in 

the commercial so-called oLone-free lamps. which employ 

glasses (such as Vycor or Heralux ) opaque below about 

2-10 nm: 

avoiding corrosion \ensltivc metals or protecting them 

(~c.g., by enamel ) from halogens; 

avoiding oxygen. Its reaction with a fluorinated radical 

RCF, finally produces an acid fluoride RCFO (along with 

IF or BrF in the presence ot a halide). which can hydrolyse 

to HF. The latter attacki, gl;lsb. enamel and ceramics. 

Lrnder such conditions, WI‘ have run a production ofdibro- 

midcs in the kg scale over sc~:~~ztl days without any indication 

of degradation. More than .!O yr of operation of the photo- 

chemical iodine laser with It\ very similar chemistry (pho- 

tolysis of iso-C ,Fil. megqjoule flashlamps, Hcralux quartz 

@ash) in our institute in Garc,hing point to the same direction. 
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Appendix A 

Using the steady state appn lximation for the radicals in I-he 

reaction Scheme I. i.e.. in the absence of rephotolysis. we get 

(k,l(l~]+X,,.]C,~.,])IKf,,] 

I Rf,,l k,,,[(‘,i:,[ -._- --.-- =: 
Or jRf,,,i = i,:] Il]-t/<;,,j(‘>F,] ’ 

and [RI= 
trl 

:--[RI] 
~,,[~,l+k,,I(‘~f- II 

(A1.I) 

(Al.2) 



I:rom Eq. (A I. 1 ) we obtain 

IR’,,l=q”lRI iAl.3) 

which can be combined with Eq. (A I .2). The proiluct I’or- 

malion rate can also be written in terms of y. as ~1.11 as the 

educt consumption. Using Eq. (Al 3) and Eq. (A I .7). we 

obt.lin: 

d[ RI] 
--=--crl[RI]+k,~[I,I[R]=-trfy[RI] 

ct 

,t2 : d[Rf,,Il 
~=k,~[I,][Rf,,]=cr/(I--y)y”[RII 

dt 

I Al.4) 

11, the second form of Eqs. (A 1.4) and (A I 3) L~Sc have 

intr.jduced Q= ( I -(I) /q, the normalized time ;= trlqt and 

the lnole fractions 

.Y,,= ~Rf,,I]/~(Rf,l]=[Rf,,I]/~RI~,, (Al.6) 

7 hese equations have the solutiotlh ( I I-14) in the ICXL To 

include rephotolysis, one adds a term rrl[ RfJ ] geilcrating 

the radical Rf,, to the steady state ty ( A I. I ) Aft:1 some 

alg~~hra, one deri\:es the differential equations 

d [ 6: f,, I 1 I,- I 

--=-[Rf,,I]+Q~i/” ‘lRf,ll 
117 i 0 

141.7) 

Eq. (Al .7) can also be understood in a straightt’orwnrd 

wa} : the second term reprcsenth the production of Kt; l from 

all the lighter iodides together (compare Eq. (A.5 I I. This 

\;et (Ifequations has the solution Eq. ( IO) in thr text. 111 which 

the <.oefticients LI,,, of the polynomial 

/7=0: P,;“‘(T)=1 

can be found by the insertion of Eq. ( 16) into Eq. (Al .7) 

and comparison of coefficients for each T’. The resuiting set 

of a gebraic equations 

,ja,,, :Q “7 
I 

y” ‘LI,,,-~ , (772 I.O-.Z,/l7?) (Al.01 

ir, I 

has he solution 

(41.10) 

with the special values (I,,, = f&l” and cl,,,, = ( Qy )“I/!‘. f-ol-.i,, 

the term II,,,,T” dominates over (I,, ,, ,+I ’ if 7~ Qi t I( - I 1. 
It yilxlds a Poisson distribution when multiplied by c’ ‘. 

In a continuous process. a stead) state can be reached fog 

the gas- and liquid-phase concentrations of all component<. 

We assume that only C:F,I ( -RI I is fed into the reactor 

(together with the necessary C2F1,. ..lt a rate (mol/h) which 

we write for convenience in the I’(lrm FL’, containing the 

reactor volume 1’. From the materi;ll balance of iodine adorns 

( neglecting the loss due to molecular iodine) one infers that 

thy producl stream of all iodides togtsthcr will be equal to the 

feed. due to the steady state. and tht: stream of the individual 

liquid components will be E‘\i’\-,,I”. Ii in the steady state. feed 

r;lte <i condensation rate ( := rat{’ 01‘ evaporation t feed 1, 

then the gas phase concentrations 1 Rf,,l 1 are connected with 

the liquid-phase mole fraction> v,,‘!’ via the 5aturatcd \ apo~ 

density of the pure substances (to rc>ceive it. multiply Eq, ( 5 ) 

by 101.3 kPalk,,7‘): 

[Rl’,,I)=(Rf,,I] ,,,,. r;,” 

=I KI],.,,s” i-l”. ’ /I ( A2. I ) 

For simplicity, we assumed her<, ihc exponential depend- 

ence of the vapor pressure on II. \b hich was already men- 

tioned. The net change of concentt,ations. which will he 0 in 

the steady q,tate. i\ a sum of the feed rate. the product stream 

and the collvel-sion rate in the reac:or. The latter is given by 

the right-hand side of Eq. ( A I .7). Abbreviating the ratio of 

the (fictive ) comersion r&z of lhc \aturated vapor over the 

I’iwl rate b\ 

( A2.2) 

ML‘ have ( dropping temporarily the upper index I of \,,I “: 

77-O: E-tr/ylRIl-F.4,,=0 or ( AZ.3 ) 

\ ,=(r$ I) ’ ( AZ.41 

/I I 
II :,O: u/q&” CL/ ‘[ Rf, I I,.k,.r, ---(r/r/[ Rf,, I] \‘,/. r,,--F.\-,,=O 

/ = 0 

( AZ.5 1 

or 

This system of equations can be cxpticitly solved for the 

unknown .Y~,“’ by successive inaerilcln ( Eq. (A7.1) into Eq. 

( :12.6) with 17 = 1. then the next 17. C’IC. i. Bur more convrn- 

ifntly. it cat1 also be used directly lot. the calculation of‘ Fig.. 

IO. By dividing two of’ the Eq ( A 1.0) with two succchsivc 

l/. WC note that the ratio of successi\c‘ \,’ ” for high molecular 

weights ( high II) is = (1. [he corrc ,l)onding ratio for small 

converGon: 



Surprisingly, this is independent of s, i.e.. of the quality of 
separation (provided that it is good enough). and of Y, i.e.. 
of the conversion rate compared with the fectl rate. 
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