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" absorbance of the C_H *F, pairs in case of v

Abstract

The product branching between 1,2-difluoroethane and vinyl fluoride
(pius'HF) of the selective vibrationally stimulated reaction of molecular
fluorine with C2H4 has been studied in a nitrogen matrix at 12 K 3nd
found to be the same for five different Qibrational transitions of CZH4
between 1896 and 4209 cﬁ'l. The HF/DF branching ratio of the reacticn of
2 with’CHZCDZ, trans-CHDCHD.and cis-CHDCHD was detemmined to be 1.1,
indepeqdent of precursor CZHZDZ isomer and particular mode which excited

F

the reaction. These results, as well as the analysis of the mixturés}of
partially deuterated vinyl fluoride molecules produced by each CZHZDZ
tsomer indicate that the product branching occurs by a8 elimihation of-
HF(DF) from a vibrationally excited, electronic ground state 1,2-
difluoroethane intemediate. A.change of the branching between stabili-
zation of the intermediate and elimination of HF by a factor of two,

observed upon increase of the temperatufe during the condensation of the

matrix from 12 to 15.5 K manifests remarkable sensitivity of the'deacti-

vation kinatics of the hot 1,2-d1f1ubroethane molecule to changes in the
matrix environment. Selective vibrational excitation of fluorine .
reactions in 1soto@ical]; mixed matrices t-CHDCHD,’CzHalFZ/N2 and
CHZCDZIC2H4/F2/N2, dand 4n Matrices.CZHz/C2H4/F2/N2 revealed‘a.high Jdeg ree |
of izotopic and molecular selectivity. The extent to which intermole-
cular energy transfer occurred is qualitatively explained.in-terms_of
dipole coupled vfbrational energy transfer. A stddy of the loss of

as a function of both the

- 24 9

~ laser irradiation frequency within the absorption profile, andgthe

ethylene concentration showed that the C2H4'F2 absorption is iﬁhomo-

geneously broadened at the concentrations C2H4/F2/N2~1/1/100 and 1/6/600.
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At these concentrations, substantial depletion of reactive pairs occurred
which did not absorb laser iight. These obéervations, as well as the -
sharpening of the absorption of the depleted C2H4-F2 pairs with
decreasing ethylene concentrétiqn, are interpreted in terms of Forster
transfer among isolated CH molecdles, and between those and the

24
reactive pairs.



I. Introduction
In a previous paper [1] (hereafter, reference 1 will be called 1), we
have rejported the frequency dependence of the quantum efficiency of the

selective vibrationally stimulated reaction

CH,F-CH,F" (trans, gauche)

=CH, + F

CHy=CH, + Fy

CH,=CHF + HF
in nitrogen matrices at 12K, including a study of this reaction with all
three dideutero ethylenes. We observed a general increase of the quantum
efficiency'to reaction with theAenergy”per infrared photon, which we

interpreted as a manifestation of the competition between chemical reaction

'of the vibrationally excited ethylene, énd phbnon-assisted relaxation.

Deviations from a smooth rise of the quantum yield with energy were
attributed, in part, to mode selectivity.

The presence pf an intermode vibratiuna]_cascadihg process raised the

" question to what extent intermolecular vibrational energy transfer between

ethylene molecules, isnlated or part of a reactive pair, may play a role at
the concencrations used in our experiments. We present in this paper the
results of two series of experiments which aimed at answering this

question: A study of the absorption profile of the ethylene-fluorine pairs,

- depleted by chemical reaction, as a function of the laser irradiation

frequency and reactant concentration, and a series of laser stimulated
reactions of fluorine with mixtures of ethylene isotopes, and a mixture of
ethylene and acetylene. A second important mechanistic aspeét of this

vibrational1y induced reaction, the reaction pathway in the cryogenic



environment, will be discussed in the 1ight of the observed isotopic

selectivity, and product branching ratios of the C2H4+F2 and CZHZD +F

reactions.

II. Experimental
Apparatus and experimental techniques have been described in I.
Briefly, segarate C2H4/N2 and FZ/NZ mixtures were simultaneously deposited
from dual jets onto a 12K cooled CsI window at a total deposition rate of 1
" manol pér hour. Deposition times were 4-11 hours. Reactant depletion and
product growth was followed by inffafed spectroscopy, using a Nicolet FT-IR

spectrometer (model 7199) at 0.24 cm';

resolution. In most experiments,
spectra were recorded 6ver a period of 10 minutes once every 60 minutes.
For photolysis, the cold window“was rotated by 90° and exposed to laser
radiation entering the cryostat through a NaCl window, as shown in Fig. 1
of reference 2. Homemade cw CO2 and cw CO lasers, and a continously tunable
cw F-center laser (Burleigh, model FCL-10) was used for irradiation. The

1

F-center laser had output between 2950 and 4350 cm™~ at intensities between

4
2, and was pumped with 800-1000 mW of the two red emission

5 and 80 m4 cm”
lines of a Xr ion Taser'(Coherent, model CR750K), or 3.5W of the 514.5 nm
green emission line of ar Ar ion laser (Coherent, modei CR8), depending on
which F certer crystai was being used. Irradiation times were 4-6 hrs for
kinetic measurements., _

F1uor;ne (Matheson, 98%) was used without purification, except that the :
quorine-matrix gas mixture was passed through a stainless steel coil
immersed in liquid nitrogen placed in front of the cryostat. Ethylene
(Matheson, 99.98%), 1,1-dideutero ethylene (Merck, Sharp and Dohme, 98%),

cis-1,2-dideutero ethylene (Merck, Sharp and Dohme, 98%) and



’ 3
trans-1,2-dideutero ethylene (Merck, Sharp and Dohme, 98%) and nitrogen
‘(Matheson, oxygen free) were used without further purification. Aéety1eﬁe

(Matheson, 99.6%) was purified by two trap-to-trap distillations.

III. Results

'1.‘30 profile study

In a series of experiments summarized in Table I, the loss of
abéorbqnce of C2H4-F2 pairs in case of the CH stretching mode vg Was
determined as a function of both the laser irradiation frequency wiﬁhin the
absorption profile, and the ethylene concentratfon. ng; 1 shows the

erosion of Vg after irradiation of matrices C2H4/F2/N2~1/1/100, 1/6/600,

‘and 1/12/1200 at two different positions, 3110 cm™! and 3105 em”!, for

4.2-5 hours. Each irradiation experiment was done with a separate matrix.

~Clearly, the absorbance profiles of those CH -F2 pairs and (C2H4)2-F2

24
clusters which were used up by chemical reaction upon irradiation at 3110
cm'l, obtained from computer calculated differences of the spectra before
and after 'aser irradiation, sharpen with qscreasing ethylene |
concentration. Among the 3 different spectra of the first column in Fig. 1,
only the one obtaired from the matrix with the lowest ethylene
éoncenfration, C2H4/F2/N2~1/12/1200; shows coincidence of the peak of *he :
reactive pair‘abéorption with the laser irradiatidn frequency at 3110 cm'l.
Canparisog of the difference'spectra of the same row discloses distinctly

different profiles or peak frequencies for the absdrption of the reactive

pairs depleted upon irradiation at the two laser frequencies, 3110 and 3105

-1

- am ~. These observations suggest that the absorption of the depleted

ethylene fluorine pairs is inhomogeneously broadened in case of'matrices

C2H4/F2/N2~1/1/100 aﬁd 1/6/600. Because the reactive pair absorption of Vg

~



4
overlaps considerably with the absorption of ethylene monomers and dimers,
it is not evident from Fig..l alone that only reactive pairs were used- up,
and no local diffusion of C2H4 or F2 molecules took place during chemicaj
reaction. Convincing ev1dence is obtained, however, from the effect of
frradiation of vg at 3110 cm'1 upon *tne absorption V12 in case of the
matrix C H4/F2/N ~1/12/1200, displayed in Fig. 2. The intense peak at
1437.7 cm -1 is assigned to isolated c2H4, whereas the absorptions at 1439.8

-1

cm"1 and 1440.7 cm © are mainly due to reactive pairs. The difference

-1 eroded only the

spectrum shows that 5 hours of irradiation at'3110 cm
reactive pair absorption, but no loss of absorbance of isolated ethylene
occurred, hence no diffusion of reactants was taking place during laser
irradiation. |

2. Isotopic selectivity

In a second series of experiments described in Table II, isotopic
selectivity -of the ethylene-fluorine reaction in N2 matrices was studied
for mixtures of C2H4 with various dideutero ethylenes. In addition,
acetylene was vibrationally excited in a'matrix containing C2H4-F2 pairs.
In each experiﬁhnt, one reactant was seiective vibrationally excited &t a
freqﬁency well separated from an absorption of a second (isotope) molecule
present in the matrix, and then a search was made for infrared product
absorptions dué to reaction between Fé and the polyatomic which was not
optically/excited by the laser,

A. ggggg/gzﬂ4/§2 System

~Infrared spectra of matrices HCsCH/N2~1/50 and 1/400, and
HCECH/FZ/N2~1/1/100 were taken in order to determine absorptions of
isolated and aggregated acetylene, and of HCsCH-F2 pairs, in particular in

-1

the asymmetric CH étretching region around 3300 cm ", Isolated acetylene



. 3269.0 and 3257.9 cm”

5

1

molecules were found to absorb at 3282.4 cm™ ", whereas shoulders at 3281.0,

1 were assigned to HC=CH dimers and possibly polymers.

No distinct vq absorption band of HC=CH- F2 pairs could be found, but the -

shape of {he absorption profile of Vq in matrices HCECH/FZ/NZAI/IIIOO

indicated that the pairs absorb around 3278Cm'1. v, of acetylene in

matrices HCECH/FZ/N2~1/1/100 was irradiated for -periods of 30 minutes at
3280.1, 3279.0 and 3278.1 cm'l,.respectively, in order to check whether
reaction between acetylene and fluorine could be induced by infrared laser
light. No new ébsorption could be found after irradiaticn despite careful
search in the spectral regions where possfble products, cis and trans

CHF=CHF, FC=CH and HF are expected to absorb. In this experiment,

2.1-2.3x1017 photons s'lcin'2 were absorbed by acetylene molecules. v, of

, 3
HC=CH in matrices HCECH/C2H4/F2/N2~O.1/1/1/100 and 0.5/0.5/1/100 was then

"irradiated with the F-center laser under cénditions specified in Table II,

and evidence for vibrational energy transfer to nearest neighbor or distant

C2-H4~F2 reactive pairs was sought by following the growth of gauche ‘and
trans 1,2-difluoroethane, vinyl fluoride .and HF product absorptions. No
growth of.thesg'products upon irradiatidnvof acetylene was observed.

Irradiation of vq of acetylene was followed in both experiments by an.equa1

1

period of irradiation of v, of C,H, at 3106 cm ™~ in crder to put a limit on

24
the relative eifectiveness of direct excitation of Vg of C2H4, and energy

transfer ;rom vy of HC=CH to C2H4 in promoting reaction. Considering power
levels, absorbances and exposure times at each frequency in case of the
experiment HCsCH/C2H4/F2/N2~O.5/0.5/1/100, we find no product absorption

1

after the sample had absorbed 3.4 times_as many 3280 cm™ " photons as were
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-1

needed at 3106 cm ~ to produce absorbances*: 1139.4 cm'1 (VF-E;HF): 0.0241;

1119.1 cm'l (VFeHF): 0.0588; 1041.2 cm'l (DFE’E): 0.0315. With a detection

~ limit of 0.001 absorbance units, we conclude that in matrices

-11

HC;CH/C H4/F2/N ~0.5/0.5/1/100, direct excitation of C,H, at 3106 ¢n 3

24 _
at least 200 times more effective in inducing reaction of C2H4~F2 pairs,
and at least 110 times hore effective in promoting reaction of (C2H4},,-F2
clusters, than excitation of v3 of acetylene.

B. CH CDZIC _4/F2 System
The first overtone of the C=C stretching vibration v
-1

2 of CH2=CD2 at

3169 cm ~ was selectively égcited in a matrix CHZCDZ/C2H4/F2/N2
~0.5/0.5/1/100 in order to investigate possible vibration to vibration
energy transfer from 2§2 of CH2=CD2 to c2H4-F2 reactive pairs. After 2
hours of irradiation with the F;center laser at various frequencies between
3169 and 3163 cm ~} (see Table II), no evidence for reaction of CoHy°F,
pairs, 1solated‘or next to a CH2=CD2 molecule, could be observed. However,

-1

subsequent Adirect excitation of vg at 3105 cm © for 2 hours led to vigorous

reaction of CZH4 with fluorine. Ccnsidering again power levels and

absorbances at‘3169-3163 cm'1 -1

and at 3105 cm °, we find no product
absoption after tfe sample had absorbed at 3169-3163 cm"1 6.2 percent of
the numbei of photons which were needed at 3105 cm"1 to produce
absorhences: 1139.4 cm > (VFeE*HF): 0.0282; 1119.1 cm™' (VFeHF): 0.0528;

1041.2 Cm (DFE E): 0.0250. This implies that in a matrix
-1

CH,=CD, /c Ha/Fp/N,~0.5/0.5/1/100, direct excitation of C,H, at 3105 cm™~ is
at least 3.3 times more effective in inducing reaction of C2 4 pairs than
excitation of Zyz of CH2=CDZ, whereas it is at least 1.7 times more
effect1ve for CHZ—CD2 C2H4-F2 clusters. Moreover, no reaction of CH2=CD2

*Abbreviations: VF = vinyl fluoride, E = ethylene, DFE = 1,2-difluoroethane



11633.4, 1625.1, 1607.1, and 1597.0 cm™ ) indicating slight t-CHD=CHD + F

7

with F, was induced upon excitation of CH2=CH2 at 3105 cm'l, which would

easily have been detected by growth of C=C-stretéhing absorptions of

CH,=CDF at 1625.2 cm™" an¢ CD,=CHF at 1612.2 ™! (see Fig. 2 of reference

2
.

C. t- CHD=CHD[_2_4/_2 System ,
In contrast to the preceding two systems, excitat1on of vg of CZH4 at

3106 cm"1 in a matrix t- CHD-CHD/62H4/F2/N ~0.6/0.4/1/100 led to slight
chemical reaction of the second isotope present in the matrix, t-CHD=CHD.
Fig. 3 displays the'growth of the C=C stretching absorptions of the vinyl
fluoride product molecules in this isotopically mixed matrix in two

separate experiments. The upper spectrum (a) shows that irradiation at

-1 1

3106 produced mostly CH,=CHF absorbing at 1652.9 and 1649.2 cm™', but,

in addition, also some partially deuterated vinyl fluorides absorbing at |

2

of t-CHD=CHD at 3066.6 cm™!

reaction. Fig 3b reveals that irradiation of vg

in a similar matrix led predominantly to yrowth of the four partially

deuterated vinyl fluor1des, and only s]1cht C2H4+F2 reaction, as indicated
-1

. However, the infrared spectrum of this mixed
-1 '

by some growth at 165? 9 cm

isotope matrix in the spectral range 3120-3050 cm ©, shown in Fig. 4,

suggests tiat C2H4 + F2 reaction observed upon exc1ta*1on at 3066.6 cm -1

might be due to direct excitation of CZH4 F2 pairs, rather than energy

transfer,/because the irradiation frequency lies only 10 cm'1 below the

v : -1
peak of the absorption v, 12 of CZH4 at 3076 7 cm

no t-CHD=CHD absorption overlaps with the laser line at 3106 cm

+v « On the other hand,

-1, Taking
into account power levels, absorbances and exposure times at 3106.0 and
3066.6 cm"1 (Table II1), we find t-CHD=CHD + F2 product absorbances; 1633.4

"1 (c-CHD=CHF): 0.0008; 1625.1 cm™) (t-CHD=CHF): 0.0007; 1607.1 cm™}
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(c-CHD=CDF): 0.0009; 1597.0 em! (t-CHD=CDF): 0.0010, after the sample had

1

absorbed at 3106.0 cm™* 0.82 times as many photons as were needed at 3066.6

~ em”! to produce absorbances: 1633,4 cnl: 0.0103; 1625.1 cm™): 0.0093;

-1 1

1607.1 em ~": 0.0185;.1597.0 cm ~: 0.0191. This implies that in a matrix

t-CHD=CHD/CZH4/F2/N2~0.6/0.4/1/100, excitation of C,H, at 3106.0 em ! s
10+2 times less effective in inducing reaction of t-CHD=CHD-F2 pairs than

direct excitation of vg of t-CHD=CHD at 3066.6 cm'l.

3. Product branching

A. 2354/52 system:

In each laser irradiatiqn experiment, reaction of C2H4-F2 pairs and
(C2H4)2'F2 clusters could be monitored separately, because the products of
the former reaction, isolated gauche and trans 1,2-difluoroethane and vinyl
fluoride-hydrogen fluoride compiexes showed infrared absorptions thch
could clearly be resolved from those of the (C2H4)2 + F2 reaction,.namely,
g-DFE<E, t-DFE-E, and VF<E°*HF aggregates [2]. Quantitative estimates of the
product branching ratios for each feaction were attempted, based on the
magnitude uf the appropriate extinction coefficient determined in our |
earlier work [Z]. Unfortunately, the ratios of the integrated absorbances

of g-DFE (t-DFE) and VF

g-dFE

, a A W)av

| 4-DFE
/A/l o)oAS
2 ﬁz =

f - VE "
/.4,4 6 av S ad (25
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were very small at all laser frequencies in case of the reaction of C2H4-'F2
pairs, and the minute growth of isolated g-DFE and t-DFE absorptions made |
an accurate estimate of Bg and By impossib]g. On the other hand, comparable "
.’gfowth-nf addition and eiimination products was observed in case of the
(C2H4)2+F2 reagtion in matrices C2H4/F2/N2 ~ 1/1/100, allowing accuratg

determination of Bg and'Bt;'and'hence of the branching ratios

e ez | /a 5 ot
_ 1 4

u/g'{ 42?;/»' E v/<;'572;?;673’

upon 1rrad1atioh at a number of differeﬁt%frequencies, shown in.Téble IIi.
A1l experiments were done under identical conditions, in particular the
matrix temperature during taser irradiation was always képt'at 12K.
However, in some experiments the temperathre of the cold CsI window was
held at 1§.5K during deposition of the matrix. Two photolysis experiments
done at 3105 cm'l, one with a matrix deposited'af 12K,'the other one at

: 15.5K,vgave branching ratios bg and bt whicﬁ differed by'approximately a
factor of two. On the other hand, Table III shows that fbr fixed
vdepos1tion temperature, the branch1ng ratios are the same w1th1n the

experimental uncerta1nty, for all irradlat1on frequencies. These findings
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suggest that neither the nature of the excited vibrational transition,'nor
the energy per infrared photon affects the branching ratio between
stabilization of the ethylene-fluorine addition product, and e]imination of
HF. However, it appears that the product brénching is significantly
influenrced by the temperature of the matrix during the condensation
process.

B. gagzgzzgz systems _

Table II of reference I lists the possible products of the reaction of
CH,=CD,, t-CHD=CHD, and c-CHD=CilD with Fy, if we assume fhat both aa and ag
elimination can occur. In contrast to the reaction of the parent ethylene
molecule, only incomplete‘assignment of the observed product bands could be
made in case of the C2H202+F2 reactions, because no reférénce infrared
spectra were available for any of the expected partially deuterated
-~ 1,2-difluoroethane products. Therefore, ou} quantitative study of product
braﬁching was limited to the elimination pathways, and comparfson of
intensities of elimination product absorptions was made in the HF, DF, and
in the C=C stretching region, i.e. in speactral range§ free of possible
difluoroethane absorptions, .

CHp=CD,+F, |
Fraquencies and integrited absorbances for HF and DF, and for product
absorptions in the C=C stretching region are listed in Table IV. The two

absorptions at 1612.2 and 1625.2 cm™ ' are most probably due to the expected
/ .
a8 elimination products CDZ=CHF and CH2=CDF, which absorb in the gas phase

at 1620 and 1628 cm'l, respectively [3]. The ratio of the integrated

1
> BHF/oF

is not affected by the laser irradiation frequency as the values are the

same within the experimental uncertainty, at 1900 and 3096 cm'l. The

intensities of HF and DF absorptions at 3796 and 2784 cm” =2.1+0.2,



1
ratios of the intensities of the C=C stretching absorptions of CD2=CHF and
‘ CH2=CDF at the two laser frequencies were found to be 0.73+0.02 and |
O.SQio.OZ, respectively.

cis, trans - CHD=CHD+F2

Tabie V showé frequencies and intensities of HF, DF, and of product
absorptions observed in tﬁe C=C stretching region. As indicated in Table II
of reference I, cis and trans CHD=CHD are expected to lead to the same a8’
or aa elimination products, and Fig. 2 of reference I shows that this is
indeed the case._Observatfon of four vinyl fluoride C=C stretching bands
(not six) strongly suggests that HF(DF) elimination océurs via the a8

mechanism. Comparison of the product absorptions at 1633.4, 1625.1, 1607.1,

1

and 1597.0 c¢cm™ " in N, matrices with gas phase absorptions at 1635, 1630,

2
1615, and 1603 cm'1 [3] supports assignment of these bands to the expected

"aB elimination products c-CHD=CHF, t-CHD=CHF, c-CHD=CDF, and t-CHD=COF,

1

respectively. The coincidence of the t-CHD=CHF band at 1625.1 cm = with the

1

CH,=CDF absorption at 1625.2 cm " observed in the case of the CH2=CDZ+F7

2
reaction,'is most likely accidental, because the two gas phase absorptions

are also close together (1630 and 1628'Cm5;, respectively). The ratio of

the integrated intensities of HF ard DF absorptiens at 3796 and 2784.cm"‘1
is indepandent,- within the‘experiméntal uncertainty, oi laser irradiation
frequency and precursor CHD=CHD iéomer, namely 2.3+0.1 for trans-C2H202+F2,
and Z.L:g;2 for cis-C2H202+F2. Table V also'disp1ays various intensity

. ratios for vinyl f]ﬁoride C=C stretching absorptions. The ratio ’
BCHD=C6F/CHD=CH? of the sums of the integrated intensities of the cis and
trans isomers of CHD=CDF and CHD=CHF is the same, within 10%, for
irradiation at 3066.7 cm™(1.47) and 1854.9 cm™! (1.31), as it is for

cis-CHD=CHD+F2 when irfadiating at thelthree frequencies, 3061.0, 3057.7,
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-1

and 1827.2 cm . The last two columns of the Table diSplay the intensity

ratios for cis and trans isomers of CHD=CHF and éHD=CDF. The_ratio-BC/£ of

CHD=CDF is independent, within 10%, of precursor CHD=CHD and irradiation
frequen*v However, significant variation of the ratio Bc/t in the case of

CHD=CHF, both as a function of precursor molecule and irradiation frequency

-1

is observed: 0.84 and 1.19 for irradiation at 3066.7 and 1854.9 cm™~ in the

case of t-CHD=CHD + F2’ and 0.64, 0.65, and‘0.44 for irradiation at 3061.0,

-1

3057.7, and 1827.2 ecm ~ in the case of c-CHD=CHD+F

2.

IV, Discussion

1. Energy transfer in C_H,/F_ /N, matrices

The substantial loss of absorbance 5-10 cm'1 below the laser

'1, which was observed at the twd concen-

irradiation frequency at 3110 cm
‘trations C2H4/F2/N2~1/1/100 and 1/6/600, bﬁt not at 1/12/1200, implies that
significant depletidh of CZH4°F2 pairs which did not absorb Taser light,
occurred at the two highér ethylene concentrations. The same conclusion is
reached when comparing the shapes of the two curves displayed in Fig. 5.
The lower curve depicts the inhomogeneous prof11e of the reactive CZH4 F2
pairs in matrices C2H4!F2/N ~1/1/100 determined from the observed
absorbance loss upon irradiation at 3110, 3105, 3100, and 3096cm 1. The
upper curve shows the asymptotic iimit of the absorbance growth of the
1119cm'1 9H2=CHF-HF band upon irradiatioh at the four laser frequencies.
This product growth profile indicates the relative magnitude of the
reservdirs of ethylene-fluorine pairs depleted in each irradiation
experiment, hence its shape is.expected~to resemble that of the C2H4 F2
absorbance curve, if in each experiment only those pairs would have reacted

which absorbed at the laser frequency. This appears to be by and large the
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case upon irradiation in the range 3105-3096 cm'l. However, the high value

-1

of the product absorbance at 3110 cm ° indicates that the number of C,H,°F

274 2
pairs uhich did react but not absorb laser radiation, is approx1mately
twice as nigh as the number of pairs which did absorb 1ight at that
frequency, The observed depletion of.react1ve pairs which did not absorb
infrared iight appeafs not to be caused by a thermal effect; because at

3110 cm”!

only half as many photons were absorbed by ethylene than in the’
case of irradiation at 3105 em™) (see Table I).

The observation of depletion of reactive pairs not abéorbiné infrared
light indicates vibrational energy transfer among éthy]ene molecules. At
31;0wcm'1, most photons are absorbed by isolated C2H4 molecules, hence the
dominant energy transfer processés are expected to be resonant transfer

among isolated ethylene mo]eculés (energy migration)
C2H4(v=1) + C2H4(v=0) - CZH4(V=0) +.C2H4(v=1) L (1)

and resonant as well as non-resonant, phunon assisted energy trenster from
jsolated C2 " to reactive CZH4 F2 pa1rs

CHy(¥=1) + CH,(v=0)F, = c2 2{¥=0) + CHy(v=1)7F, + 4E (11)

Both procssses can be described by the Forster-Dexter theory for long range
_ intermolecular energy transfer, induced by multipolar interactions [4,5].

According to this theory, the rate for resonant energy transfer by coupled
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dipole-dipole transitions between isolated ethylene molecules (E) in random |

orientaticn is (process 1)

éﬁg = _‘5_-"___ (1)
Re e
o J 2 oy~
where C.. = “//ck Vo (2)
| € snTen 9/ € | -

£.E distance between isolated ethylene molecules

refractive index of the matrix

3.
oe

<l

vibrational transition frequency
\E radiative lifetime in vacuum
fE: normal ized lineshape function

Due to the strong digtance dependence of ¢g. (1), ethylene molecules at the

closest distance RE,E t0 a particular excited ethylene daninate the

resonant houning of excitation from molecule to molecule. RE,E is larger

that one nearest neighbor distance, since two ethylene molecules in

adjacent sites form a dimer which is not cbnsidered to participéte in

energy migration. Assuming a random distribution of ethylene molecules for
(o]

separations larger than RE £? the average number of hops of excitation

among isolated ethylene molecules during a period of time t is [6]
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N o~ LTpelset e
IR e

p: density of lattice sites
Xg* mole fraction of isolated CZH4 molecules
These equations allow an estimate of the number of resonant hops of
excitation among 1so1ateo CZH4 molecules. We calculate a value of
2.1x10'35cm65'1 for the constant CE,E’ eq. (2), based onﬂa radiative
Tifetime T fdr'C2H4(v9,v=1) of.33 msec, calculated from a previously ,
reported integoated absorbance for the gas phase absorption [7],'and j;/QZﬂQ;==
@:ﬁﬂo.zz cm, assuming a gaussian lineshape with an inhomogeneous
lTinewidth of av = 3 en~! for vg of matrix iso]éted C2H4. Considering twn
z Czﬁ4 molecules as being isolated if thej>are separated by one second
nearest neighbor distance, we obtain RE,E = 5.64'3_in,case of a- N2 [6].
22

With a density of substitutional sites of’2.5x10 cm'3, and an &ssumed
lifetime of one usec for Vg» v=1 excitation, eq. (3) gives 97 hops Tur
C,Ha/Fo/N,~1/1/100, 18 hops in case of 1/6/600, and 9 hops for
C2H4/F2/N2~1/12/1200. The product of the number of hopsfand the fraction

of the sites at distance R°, occupied by a C2H4-F2 pair, gives a clue as to »
whetheo averaging of the Vg excitation among isolated C2H4 molecules is
complete or not at a givén ethylene concentration. At the highest
concentration, CZH4/F2/N2~1/1/100, the calculated number of hopé suggests

that every migrating quantum samples the shortest and least probable, but

*N, rather than /N is more appropriate in this case because the average

distance between isolated C2H4 molecules js larger than the diameter of

‘second neareét neighbor shells.



16
for energy transfer most important C2H4-C2H4'F2 interaction R = 5.64A at
least once during the time t, because this pfoduét is much larger than one.
In contrast, at C2H4/F2/N2~1/12/1200, energy diffusion is almost certainly
not fa:t enough to ensure that each migrating vg quantum encounters the :
shortest possible separation to é C2H4-F2 pair at least once during its
lifetime, because now the product is considerably smaller than one.
Although the assumption of 1 usec for the excitation of vg is somewhat
arbitrary, this calculation suggests that a transition occurs from the fast
migration regime at the concentration C2H4/F2/N2~1/1/100 to incomplete
avefaging of the vg excitation amdng isolated CZH4 molecules at 1/12/1200.
This is consistent with the observed sharp decrease of depletion of C2H4-F2
reactive pairs which did not absorb laser radiétion upon a twelvefold

decrease of the ethylene concentration.

2. Energy transfer in C,H,D,/CoH,/F,/N, and C,H,/C,H,/F,/N, matrices

Non-resonant vibrational energy transfer .hrough dipole-dipole coupling

between C2H4 and CZHZDZ’ either isolated or part of a reactive pair, occurs
under simultaneous cfeation of lattice phonuns, hence a description of

Forster transfer has t9 take into account the phonon dehsity of states [9]

(dg: Cplige *-d,: trans-CHD=CHD) ) -
Cop, bmag |
'éa",,f-az’ —_ 0" 2 (1)
/ ~
UYrt=%
Cy 4. J /_ﬁ _ﬁ./r/’x' . e )L
{~o, > — . )L D)V + DS 2 \
12T 2wrTalY 7y A 2 77 % 0 (2

7" ?;p‘ : radiative lifetime of the traqsition corresponding to the
phonon side band of d0 and t-dz, respectively

4§p ;/p . nommalized lineshape factors of the phonon side bands.
4,
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We did not have the necessary spectral information on phonon side

bands to estimate the coupling coefficient C
1

do’t'dz, but the fact that thg

energy difference “9’d0 - vg,t-dé=39 cm™ " falls into a dense regidh of the
phonon spectrum of solid nitrogen [iJ} suggests sizable overlap of phonon
| side bands and zero phonon lines of'v9 of the two isotopes. Therefore, we

expect. C in case of the two~vg transitions to be large enough to

dn,t-d

0*” T2
account for t-C2H202+F2 reaction observed upon excitation of CZH4 at
3106cm‘1. However, it is conceivable that, in‘addifion, some reaction of

teCZHZDZ-F2 pairs is induced by Forster transfer invoking other, lower

lying vibrational levels of CZH4 which ‘are populated by intramolecular

1

>cascad1ng. For 1nstahce, relaxation of C2H4 to v at 3076cm” might

212 _
result in efficient, in part resonant energy transfer to t-csznz-because

of the closeneg; of the.v2+v12 absorption with vg Of,t-CéHZD2 (Fig. 4).

1

~The energy discrepancy of 62 cm'1 between 2v, of CH CD2 at 3168 cm ",

2 2
and the next Tower infrared active transition of C,H,, vy, lies also in the

spectral range in which the phonon density of states of solid nitrogen :s

1

large (25-70 cm ~, [10]), hence we expect again noticeable transfer be-ween

the tﬁo isotopes upon excitation of 2v, of CH CDZ' The failure to observe

2 2
any C2H4+F2 reaction in a matrix CHZCDZ/C2H4/F2/N2~0.5/0.5/1/100‘when

1

exciting CHZCDZ at 3169-3163cm ~ does not contradict this expectation,

because not nearly enough photons weré absorbed by CH2C02 which wculd have

been need;d to detect energy transfer as efficient as observed in case of
the t-CZHZDZ/C2H4/F2/N2 ;ystem.
of HC=CH at 3280cm™}

1

- Our finding that energy transfer between v and

3

C2H4 with its closest infrared active band at 3106 cm " is at 1east two

9 of CZH4 in

a matrix HC=CH/C,H,/F,/N.~0.5/0.5/1/100 is consistent with the fact that
. ~2"alT2!"

orders of magnitude less effective than direct excitation of v
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the energy gap of 175¢m-1

falls well outside the phonon spectrum of_Nz. At
least 3 bulk phonons (or 2-3 local phonons) are needed to match this energy
difference, implying a drastic decrease of the rate of non-resonant energy
transfer in comparison with the C2H4/C2H202/F2/N2 systems. It is
1ntere§ting to note that even energy exchange between nearest neighbor
HC=CH and CZH4 molecules did not occur detectably, since no growth of

products due to reaction of HCECH'C2H4‘F2 clusters could be'obsérved.

3. Product distributiorn and reaction mechanism

The observation that the particular CZH4 vibrational which induces the
reaction has no influence on the branchipg between vinyl fluoride and HF,
aﬁd gauche and trans 1,2-dif1uqroethane, is conéistent with our earlier‘
conclusion that the product branching occurs by elimination of HF from a

-vibrationally excited, electronic ground siate 1,2-difluoroethane molecule
[2]. wWith a.AH°(298) of -115.5 kcél/mol for the reaction CéH4+F2+trans -
CHZF-CHZF, and -116.1 kcal/mol for gauche-CHzF-CHéF [2], and an activatidn
energy for the C2H4+F2 matrix reaction.cf about 5 kcai/mol [I], we

calculate a minimum energy for the chemicaliy activated 1,2-difluoroethane

intermediate of 120 kcal/mol. Because of the verv high density of

vibrationa: states of this polyatomic at 40006 cm™*

abeve the zero point
energy level, eny initial, non-statistical vibratioial energy distribution
reflecting the particular ethylene vibrational mode which promoted the
reaction ?s expected to be randomized within a few picoseconds or less
[11]. This is at least two orders of magnitude faster than elimination of
HF, which was found by Chang and Setzer.to occur on the nanosecond time
scale for‘l,z-difluoroethane chemically activated 40 kcal/mol above the

critical energy to elimination of 62 kcal/mol [12]. The latter was
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detemmined by a fit of RRKM calculations, based on é four centered HF
elimination activated complex model, to the measured decunpbsifon rates
[12]). Therefore, we do not expect the specific ethylene mode which excites
the rezciion to affect the product branchiné, in agreement with our
observation. On the other hand,'the decreése of the branching ratios bt
aﬁd bg by a factor of two upon increase of the deposition temperature by
only 3.5 K suggests that the local matrix environment strongly influences
the deactivation kinetics of the hot 1,2-difluoroethane molecule.
Deposition of the matrix at 15.5 K‘results in a bettar cnnealed cage for
the reactive pairs, and consequently fpr the hot difluoroethang, than
deposition at 12 K. This might lead to less effective coupling of the
1,2-difluoroethane vibrational modes to the local phonon modes of the
surrounding matrix, resulting in a longer lifetime of the excited mo]eculé,
‘and therefore higher probability for HF el%mination in case of the matrix
prepared at 15.5 K. It is important to add, howevér,'thét the depositon
temberature did not appear to affect noticeably the lifetime of the
vibrationally excited ethylene, since the quantum efficiency to reaction
was the séme, within the experimenta],efrar; for matrices deposited at 15.5
and 12 X.

The biranching between HF and DF elimination cbserved in the case of
the reaction of dideutero ethylenés with fluorine gives additional evidence
for our v}ew that the product branching originates in the‘competition
between decomposition and stabilization of a vibrationally excited
difluoroethane intermediate. The ratios BHE/DFfOf the integrated
absorbances of HF and DF fundmentals are independent of laser irradiation
frequency and, within the experimental uncertqinty, the same for all three

CZHZDZ isomers, 2.2. The frequency independence of this ratio indicates
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again that vibrational redistribution is ccmplete‘before product branching
occurs, Asshming a ratio og two for the extinction coefficients of HF-and
DF fundamentals, we obtain an HF/DF branéhing ratio of 1.1. This.
intramolecular H/D isotope rétiq closc to one is expected for a molecule B
éctivated more than 50 kcal/mol above the critical energy to decomppsition_
[11]. In fact, our measured ratio is within 10%, the same as the :
intramolecular H/D isotope ratio (per H and‘D atom) calculated-with RRKﬂ;

based on a four centered model, for C2H4DC1 (1.24) and C,D,HCT (1.2)

2
activated 35 kcal/mol above the critical energy to HC! elimination [13];
The ratios of the integrated intensities of the C=C .stretching
absorptions of the various partially deuferated vinyl fluoride molecules
displayed in Tables IV and V corroborate the result obtained from the |
'analysis of the relative intensities of HF and DF absorptions. For
_1nstance, the fatio of the intensities of HF and DF elimination products in

case ‘of trans-CHD=CHD+F, and cis-CHD=CHD+F

2 2 BCHD=CDF/CHD=CHF* 'S
independent of the narticular vibrational mode which excites the reactionn.

However, the ratio 3cp=CHF/cH=cpF ©Of the reaction CH,=CD,+F, is 20% -

higher when irradiating at 1900 el

1

than when exciting the reaction at .
3096 cm” ;.a differehce which is beyond experimental error. We wttribute
the higher yie]d of the HF elimination product in the case of the CO iaser
irradiation to a closer coincidence of the laser line with the absorption

1 than at 3096 cm'l. Our earlier

of (CZHZDZ)2°F2 clusters at 1900 cm
finding that an ethylene molecule in the matrix cage adds efficient
relaxation channels to the vibrationally excited 1,2-difluoroethane adduct
implies more fapid deactivation of the hot intermmediate in the case of the
reaction of (CZHZD.)Z‘FZ aggregates than in case the CZHZDZ-F2 pair
reaction [2]. Therefore, we expect for (CZH202)2+F2 a heavier contribution
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to elimination fram less excited vibrational levels of CH,F-CH,F - with
intrinsically higher HF/DF ratios; and hence a more intense CD2=CHF
absorption in case of the experiment with the closer éoincidence of the
" laser frequency with the (CZHZDZ)Z-FZ-absorption. This change in branching
- between HF and DF elimination is only affecting the relative intensities of
the C=C stretching absorptions at 1625.2 and.1612.2 cm'l, becausé here the
absorptions due to VF<HF(DF) pairs and VF-E+HF(DF) aggregates coincide. It
is not reflected, however, in the ratio of the HF and DF absorptions at
3796 and 2784 cm'l, because these are exclusively due to VF+HF(DF) pairs
(VFeE*HF and VF+E<DF have very broad absorptions at 3682 and 2696 cm'l,
respectively). We have no explanation so far for the up to 30% variation
of tﬁe ratio of intensities of cis and trans CHD=CHF as a function of laser
frequency and precursdr isomer in the case of the CHD=CHD+F2 reactions.,
-The lack of product reference infrared spectra in ?he case.of the
reactions of the dideutero ethylenes with fluorine did not allow us to
verify fhe appearance of the particular stereoisomers of dideutero-1,2-
difluaroethane molecules predicted in Table II of reference I on the basis
of a_Stereospecific four center cis addition of F2 across the ethyTene'*”
double bond. Cis addition of F2 in the case of cis-ZHD=CHD is expected to
lead to two conformationél isomers of CHGF-CHDF,.whereas for trans-CHD=CHD
three different stereoisomers are pre&icted, each again displaying a
separate infrared spectrum. This suggests that even without assignment we
ought to be able to recognize stereospecificity, in principle, by looking
for'differencgs in frequencies and intensities of product absorpfions of
t-CHD=CHD+F2 and c-CHD=CHD+F2 between ISOO’and 400 cm'l, the spectral range
where CHDF-CHDF deformation and skeletal stretching modes are expected to

absorb.  Unfortunately, no growth of the sharp absorption bands of
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isolated CHDF-CHDF which would have most readily allowed detection of
differences could be observed in matrices t-'CHD=CHD/F2/N2 and

-

. c-CHB=CHD/F,/N,~1/1/100, indicating very small branching ratios b, and by

in case of the reaction of CHD=CHD-F2 pairs. Only broad bands (F\i1=5-10

1 which are characteristic for

cm™}) appeared between 1200 and 700 cm”
absorptions of aggregatés DFE-E, VE-HF(DF), and VF<E<HF(DF) of the various
partially deuterated products. Comparison of these bands for matrices
t-CHD=C_HD/F2/N2 and c-CHD=CHD/F2/N2 revealed slight differences, but no

decisive conclusion atout the sterecspecificity of the reaction of F, with

2
cis and trans CHD=CHD can be drawn from these observations.

V. Conclusions |

This study shows\that the vibrationally stimulated reaction of
ethylene with fluorine in a nitrogen matrix proceeds with a high degree
of molecular and isptobiCkselectivity.  The extent to which
intermoleci:ar energy transfer accurs, aslreyealed by the C2H4 vg profi]e
study and the experiments with isotopic mixtures of ethylene, can be
explained, at least quaiitatively, by dipole induced energy transfer
according fo the Forster mechanism.

The measured branching ratios are consistent with our assumption
that the reaction involves a vibrationally hot 1,2 difiuoroethane
1ntermedi9te whose fate, stabilization or a8 elimination 6f_HF,
determines the product branching. In particular, the observed HF/DF
branching ratio rules out the possibility that vinyl fluoride and HF(DF)
are formed by F atom attack on a CH(CD) bond of a fluoroethyl radical,
produced by an initial step C2H4+F2»CH2CH2F+F. In such a case, we would

not expect any DF to be produced since at 12K, the critical energy
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difference between CH and CD bond ruptufe is about 50 times larger than
kT. We have less decisive clues, however, as to whether the hot
1,2-difluoroethane intermediate is formed in a direct molecular; four
center addition of FZ to the C=C bond,'or a rapid sequence C2H4+F2“v
CHZCH2F+F + CHZF-CH2F1'within the same cage. Our strongest eviderce thus
far against an initial radical formation are the findinés that (a)
reaction of (C2H4)'2°F2 clusters does not lead to any products expected
.updn formation'of two fiuoroethyl radicals in the same matrix cage,
=CHF'and

FCH,,CH,CH.F, CH

2°72v2 2 2
CH3CH2F [2], and (b) excitagion of C2H4 of an aggregate'C2H4-CH2CDZ-F

namely the gas phase reac:iion products CH
»
does not result in any partially deuterated product molecules. Both
observations speak against the radical forming step since we would expect
from it a noticeable product yield due to attack of the fluorine atom on
the nearest neighbor ethylene molecule, particularly because the F atom
is formed witﬁ excess. energy [2].

The ch>nge of the product branching ratio by'a factor of two upoh
increase of the deposition temperature by only a few K manifests a
remarkable sensitivity of the lifetime of the vibrationally excited
l,Z-Jifluorbethane‘intennediate to changes in the matrix environment.
Our.eariier finaing fhatfaddition of one ethylene molecule in the matrix
cage alters the competition between stabilization and elimination 100
fold in f3vor of stabilization is an even more dramatic illustration of
ihe influence of the local environment of the hot 1,2-difluoroethane

molecule on the product branching [27.
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Table I. C,H,+F, laser irradiation of vg at 12K

C2H4/F2/N2

Irrad.

Laser Photons
freque?cy Powes - ab§?rbgg time
{(cm™') (mlyem ™) (s”'em <) (hrs)
1/1/100 3110.0 8.2 3.0x10'° 5.8
3105.0 7.6 5.9x10'6 4.2
3100.0° 5.8 1.2x10'6 4.2
3096.0 8.8 6.9x10'° 4.2
3095.0 7.0 1.5x10'° 0.8
1/6/600 3110.0 9.1 2.1x10'6 5.0
1/12/1200 3110.0 7.6 1.4x10'6 5.0
3105.0 8.1 2.0x10'6 5.0

q1In addition:

. -2 '
4.2 hrS.,.G.O mWem ©, ;2H4/F2/N2N 1/1/100
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Table III. Estimated branching ratios for (C2 4)2+F2 in matr1ces
oM/, A1/1/100 at 12K3
Photolysis Tdep'n b, by by/by
4208.9cm']_b 15.5K 1.540.2 2.8+0.6 1.9+0.5
3110.0cm™ 12K 3.0+0.4 6.8+0.8 2.3+0.4
3105.0cm”! 12K 2.740.4 5.540.8 | 2.0+0.4
15.5k¢  1.4+0.2°  2.7+0.7°¢ 1.940.4
3100.0cm”] 12K 3.140.4 6.6+0.8 2.140.4
3096.0cm” ! 12K 2.9+0.4 6.3+0.8 2.140.4
3076.7cm”! 2K 2.840.4 6.1+0.8 2.2+0.4
2989.0cm”! 15.5K 1.340.2 2.6+0.6 2.0+0.5
1896.2cm”! 15.5K 1.540.2 3.240.6 2.240.5

3 stimates made on basis of integrated absorbances of the fo]1ow1ng

bands, determined from computer calcula
-1. t-DFE-E:
Details of each laser 1rrad1at1on experiment arse

VF-E- HF

reference 2).

1139.4cm=

1041.2cm™

5-DFE-E:

difference spectra
1088.0cm-1

(see

described in Table I of this paper, and in Table I of reference 1.

b. s
This t is assi "
ransition is assiqned to vg:;]](BZU), not vg + 2v7 + v]O(B ){

as erroneously assianed in refer

c . . . , ,
Measured in a matrix C2H4/CH2CDZ/F2/NZNO.5/0.5/1/100;1-

28
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Table V. Growth of integrated absorbances of elimination products of the reactions n-n::un==+w~ and n-n::nw=u+m~ in matrices n:cunzcxmwxzmedx_\doo at 12K
MAc_chpecor A cho=cOF Mc_cup=chF  Mt_cp=chF B, C 8
4 Irrad. g e e 1 HF CHN=COF 4CHD=CHF gCHD=COF
Reaction Photolysis Time (hrs) 1607.1cm 1597.0cm 1633.4cm™ 1625.1cm™ DF CHD=CHF c/t c/t
nunxcunzc+mm uomm.wna-_ ' 4.4 0.12¢97 0.1625 0.0920 . 0.1083 2.4+0.1 _.awub.ou 0.8440.04 0.80+0.01
dmma.onaud 5.0 0.0985 0.1236 n.0838 0.0771 2.3+0.1 1.3140.03 1.19+40.03 0.82+40.02
nanxounzc+ﬂ~ wcm_.onau_ 5.3 0.0474 0.0505 0.0293 0.0452 2.240.2 - 1.31+0.04 0.6440.02 0.91+40.03
¥ . 3057.7cm”! 5.3 0.0372 0.0467 0.027 0.0419 2.040.3 1.18+0.04 0.65+0.04 0.82+0.02
dwmw.unand 5.1 . 0.0451 0.0570 0.0231 0.0580 - 1.7740.05 0.44+0.07 0.82+0.02

IPetails of each laser irradiation experiment are described in Table I of reference I.

c~=~moaw~na absorbances, determined from computer calculated difference of the spectra after and before laser {rradiation.

>>xﬂ mnxcnncﬂ . >>n-n:cnncm+>>nvn:u«amm PN

.,
8 Y ) =
HE/OF Mo CHD=CH FAc-crp=chr*®Ae-cup=cie”

(constant with time within the indicated standar dJeviation).

€cc.: relative growth of elimination products, determined after every

HF: 3796cm™; OF: 2784cn”!

50 minute {rradiation pert

od
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Fiqure Captions

B Figure 1: Loss of C2H4, vg absorption after 4.2-5.0 hours laser
irradiation at 3110 cm~! (1eft column) and 3105 cm'1 (richt
column) at concentrations C2H4/F2/N2~1/1/100, 1/6/600, and

i 1/12/1200. Top spectrum: before laser iradiation. Al}

v
9
other spectra are computer calculated differences of the

spectra before and after irradiation.

Figure 2: Loss of absorbance of vi20 C2H4 after 5.0 hours irradiation“

with the laser at 3110 el

1

. C2H4/F2/N2~1/12/1200. The peak

at 1437.7 cm™* is due to isolated C,H,, the absorptions at

24
1439.8 and 1440.7 cm™} are due to CoHyoFy pairs. Top
spectrum: before irradiation. Bottom spectrum: computer
calculated difference of theAspectra.before and after

vrradiation,

Figure 3: Gruwth of C=C stretching absorptions of vinyl fluoride product
moleculi»s in & matrix t-CHBCHD/C2H4/F2/N2~0.6/0.4/1/100. (a)

Difference of the spectra avter and before 1.5 hours

irradiation of vy of C,H, at 3106.0 cn ', (b) Difference
y, spectrum after 2.0 hours irradiation of vg_of t-CHDCHD at
3066.6 cm” L. |

1

Figure 4: CH stretching Spectral region 3120-3050 cm = of a matrix

t-CHDCHD/C2H4/F2/N2~0.6/0.4/1/100 at 12 K.
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Figure 5: Ir;radiation of Vg in a matrix C2H4/F2/Nz&1/1/100.‘ Lower
curve AE'FZ: absorbance loss, measured at the i‘rradiation
frequency, upon irradiation at 3110, 3105, 3100, and 3096 cm—].
Upper curve A‘LF: asymptotic limit of the absorbance growth
of the 1119 cm'1 CH2=CHF-HF band upon irradiation at the four
frequencies 3110, 3105, 3100, and 3096 cm" .
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.
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