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Matrix Photochemistry of Small Molecules: 

Iaflaenciag Reactioa Dynamics oa Electronically Excited Hypersurff-.es 

Saadra L.. Laurten 

Abstract 

Investigations of chemical reactioaa oa alectroaically excited reaction 

sarfacts are preaeated. The tola of excited-surface multiplicity is of 

particular interest, as are chemical reactivity aad energy transfer in 

systems ia which photochemistry ie initiated through a metal atom 

"sensitizer." Two approaches are aaiploytd: A heavy-atom matrix affords 

access to forbidden triplet reactioa surfaces, elimiaating the need for a 

potentially reactive sanaitiaer. Later, the role of the metal atom in the 

paotoeeaaitisatioa process is examined directly. 

Photolysis of 1.2 dichloroathaaa ia xenon matrix gives a product not seen ia 

Kr. O i ' C j H i . as well as pro ducts caaaaoa to both matrices, the x-hydrogea-

boaded complex HChCiHQ aad am eiS'trams iaomarixadoa product 

Comparison with prior Hg (3P) ssaahiasd reaulu shows that the new product 

is formed only oa a triplet raactma surface, accused via matrix-induced 

iatersystem croaaiag enhanced by am external heavy atom. Product 

formation ia Xe at photon energies below the Si threshold indicates that 

direct excitation to the reactive triplet surface alao ocean. 

At photolysis energies low ia the Si manifold, chlorine ia eliminated from 

1.1-dkhloroethene ia solid Xe, but not ia Kr, further evidence of triplet 

surface chemistry and a matrix heavy-atom effect. At higher energies, a 

novel product appears, identified as a second HCI^HO isomer, o-hydrogea-
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bonded through the scetylenic proton. The product dependence on 

wavelength, parent, and matrix indicates that it is formed through a triplet-

surface process under geometric constraints specific to the 1.1 isomer. Loss 

of a from a dissociative triplet state to form an excited chlorovinyl radical, 

with further cage reaction of the energetic fragments, is pc lu'ited. 

Studies of Cd photosensitization were initiated after dw:':i and construction 

of a Knudsen cell source. Absorption studies of Cd in rare g u matrices agree 

with prior work but reveal new details of matrix effects on electronic 

spectra. In particular, matrix trends in frequency shift depend on the 

multiplicity of the upper slate, as may oscillator strength changes between 

the matrix and gas phases. Representatives of two hydrocarbon classes, 

cyckwlkanes and aflcynes. were uureactive in the presence of excited Cd 

atoms, and possible reasons are discussed. 

Hy. c. 7h,^tu 
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Chapter I 

XCMM Matrix Photochemistry of the 1.2-dichloroeth«nci 
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INTRODUCTION 

Haloethene photochemistry has been studied in the gas phase using both 

direct photolysis and mercury ( 3P) photosensitization.1*2-3*4 Elimination of 

HX (X * F. Q, Br) is the most common reaction pathway for photoexcited 

mono- and dihaloetbenes in the gas phase, although isomerization. CI atom 

detachment and molecular CI2 elimination have also been reported.3 VUV 

photolysis of the dichloroethenes isolated in cryogenic matrices likewise 

yields HC1 and its matrix cage partner C2HCI as the principle products.6-7 

However, recent matrix isolation studfes of the metal atom ( 3P) sensitized 

photochemistry of some haloethenes contrast with gas-phase results in the 

finding of other primary products than the HX elimination product.*' 9- 1 0* 1 1 

For both chlorodifluoroethene and dichloroethene. insertion of Hg into the 

CQ bond occurs upon selective excitation of Hg codeposited with the olefln in 

krypton matrix. The formation of the organomercnric halide indicates that 

chemical reactivity plays a ro'e in photosensitization along with energy 

transfer, and exemplifies the type of transient reaction intermediates which 

participate in the sensitization process. 

The second important realization from these studies is that matrix photo­

chemistry of these molecules is constrained 10 the reaction surface of the 

initial singlet or triplet excited state. For cis- and 1.1-dichloroethene in solid 

krypton, chlorine elimination occurs upon Hg (3P)-sensitized photolysis, but 

not upon direct singlet excitation, indicating that the CI2 elimination 

channel is made accessible via triplet excitation. This aspect, namely the 

extent to which the photochemistry is determined by the initial excitar n 

surface, has been the focus of these investigations of the photochemistry of 
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the 1,2-dichloroethenes in xenon matrix. The heavy-atom environment 

facilitates intersystem crossing and thus may be expected to alter the 

accessibility of normally spin-forbidden reaction channels.. The use of an 

external heavy atom instead of a triplet sensitizer simplifies the reaction 

dynamics by excluding the chemical reactivity of the sensitizer from 

involvement in the energy transfer process. 

The technique of matrix isolation in conjunction with infrared spectroscopy 

provides a number of advantages for the study of excited-state chemistry. 

The infrared "fingerprints" of various chromophores enable identification 

of nearly all possible product molecules, and the narrow band widths and 

lack of rotational structure permit even complex reaction mixtures to be 

distinguished. Moreover, the cryogenic temperatures and inert gas solvents-

inhibit secondary reaction and help stabilize normally reactive transient 

species so that primary reaction processes can be discerned. One twist here, 

however, is that the matrix material plays a dynamical role and thus cannot 

be considered completely "inert." Since very little thermal energy resides in 

the cryogenic system, the use of laser photolysis sources allows preparation 

of a narrow distribution of initial states and thus facilitates determination of 

reaction onset energies, branching ratios and quantum yields, information 

which helps to map hypersurface contours. 

Presented here is the photochemistry of cis- and rra«j-l,2-dichloroethene in 

xenon matrix, using later and Hg-Xe lamp irradiation at wavelengths longer 

than 200 ma. Comparison with the results in Kr matrix allows elucidation of 

reaction dynamics on surfaces of different multiplicity, while variations of 

the photolysis wavelength gives specific information about the reaction 

surface contours involved. 
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EXPERIMENTAL SECTION 

The cryogenic apparatus, infrared spectroscopy, and Hg-Xe lamp photolysis 

were essentially the same as those described by Cartland and Pimentel.8 In a 

typical experiment, 0.S mmol of a xenon/dichloroethene mixture at M/R 

(matrix/reactant) » 100 w u deposited with a flow rate of O'.i mmol/hour onto 

a Csl substrate (Harshaw) held at 25 K with an Air Producu Displex model CS-

202 closed-cycle helium refrigerator. The matrix w u cooled to 12 K for 

subsequent spectroscopy and photolysis. Gaskets of 0.015-in indium foil 

(Indium Corp. of America) held the substrate in good thermal contact with 

tht copper sample holder. Temperature wu monitored with an Au (0.07% Fe) 

vs. chromel thermocouple mounted on the cold tip and could be adjusted with 

a resistance healer. One apparatus (used with the IR44) w u equipped with a 

digital temperature indicator/controller (R. G. Hansen and Associates), while 

the other w u supplied separately with a variable power source for the 

heater and a digital multimeter for thermocouple voltage readout. Kr wu 

deposited at 20 K and Xe at 2S K. The cryostat could be routed 180* to permit 

exposure to the deposition ports, IR interrogation beam, or photolysis 

sources. 

Infrared spectra were taken with an IBM-Bruker IR97 FTIR spectrometer, or 

in some experiments with an IBM DM4 FUR. All laser photolysis 

experiments were performed on the IR97. Both spectrometers were equipped 

with a gtobar source. Ge-coated KBr beam splitter, and liquid nitrogen-cooled 

Hg/Cd/Te detector. Spectra were collected between 4000 and 400 cm*1 with a 

resolution of 0.S cm*- and were referenced to a spectrum of the external Csl 

windows and cold (12 K) substrate. The sample compartment wu sealed and 
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purged with nitrogen to minimize gas-phase H2O and CO2 absorptions, 

although some spectra show such features due to limitations of the spectral 

subtraction software and operator patience. Selected IR features were 

integrated using a compensating polar planimeter. 

The cryostat could also be mounted in the optical path of a Perkin-Elmer 

model 450 dual-beam spectrophotometer for recording UV absorption 

spectra. This instrument is described fully in Chapter III, as it was used 

extensively in the studies reported there. Spectra were recorded in 

transmittancc mode against the nitrogen-purged reference compartment, 

hi UV studies, cryosut windows and substrate were of BaF2 or &F2 (Harshaw) 

and the baseline was electronically adjusted at roost temperature, then re­

recorded at 12 K. 

Photolyses were performed with both monochromatic and broadband light 

sources. The second harmonic (532 am) of a Quanta-Ray OCR Nd:YAG laser 

was used to pump a PDL-1 pulsed dye laser equipped with a WEX-1 wavelength 

extension system with KDP mixing crystals. Generation of the dye second 

harmonic in the WEX and mixing of this with the 1.064 urn fundamental of 

the Nd:YAG laser enabled tanabiliiy of the photolysis wavelength over the 

range 217-263 nm. In these experiments rhodamine 640 dye (Exciton) was 

used to attain a photolysis wavelength of 237 nm. Typically the laser power 

at a pulse frequency of 10 Hz was 700 utfpulse at the target as measured with 

a Scieatech 310105 power meter. Some experiments were .also performed 

using the fourth harmonic of the NdrYAG laser at 266 nm. Photolysis 

intensities are reported here as milliwatt-hours (mWh), the product of 

photolysis time and average power. 
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Photolyses were also conducted with a focused 1000-W high pressure Hg-Xe 

arc lamp (Haaovia model 977-Bl) mounted in as Oriel model 6140 air-cooled 

housing and equipped with a 2-in f/1.0 UV-grade fusetf silica, two-element, 

focusing lens aad a 3-ia water-cooled water filter. Broadband photolyses 

were limited to wavelengths longer than about 200 nm by the air cutoff, or to 

narrower regions by appropriate filters. Normally a 1-in aperture was used 

to restrict the lamp beam to a size near that of the substrate, in order to 

minimize radiative heating of the copper sample holder. 

The dichloroethenes were obtained from Aldrich with reported purities of 

97%, cfr-dichloroetheue (cfc-DCE), and 91%, rr«jw-dichloroethene 

(trans-DCE). The liquids were transferred to bulbs under nitrogen in a 

glovebox and degassed using liquid nitrogen. After cryogenic distillation at 

•77* C (C02(sV2-propaaol) the reserved middle fraction was stored in the 

dark at -20* C. Acetylene (Pacific Oxygen Co., 99.5%) was bubbled through 

concentrated H2SO4 to remove acetone, bulb-to-bulb distilled from a -77* C 

slush bath to a liquid nitrogen bath, and treated with a freeze-pump-thaw 

cycle before mixture preparation. Chlorine (Matheson) was of uncertain 

vintage and purity aad was not further purified. Xenon (Airco 99.9995%) 

and krypton (Airco 99.995%) were used without further purification. 

Matrix/reactaat mixtures, 100:1 unless specified otherwise, were prepared at 

pressures of 10"5 torr or less, using standard maaometric techniques, on a 

mercury diffusion-pumped maaifold with greased stopcocks (Apiczoa N) aad 

mineral oil-covered Hg manometer. 
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RESULTS 

Xenon Matrix Infrared Spectra of the Dichloroethen f l i 

Table 1 lisu the IR absorption features observed for the 1,2-dichloroetnenes 

in xenon matrix at 12 K. Spectra can he seen as negative features in the 

difference spectra of Figures 3 aad 6. Vibrational mode assignments are 

made by analogy with the krypton matrix spectra of reference 9, hereafter 

referred to as I. Evea under carefully controlled deposition conditions the 

xenoa samples generally exhibited greater spectral complexity than the Kr 

equivalents, including more extensive splitting tad broader aad more 

variable liaeshapes, as well as the usual matrix frequency shifts (1-7 cm*1). 

Lines assigned to specific perturbations are noted as such in the table; other 

additional lines are assumed to be due to site splitting or aggregation. 

M.triT IIV Sp#etr» of th« Diehloroethene« 

Traasmittaace spectra were recorded for 1:100 matrices of all three 

dichloroethenes ia Kr aad Xe and all showed a smooth, featureless rise 

startiag near 230 am. although scattering from the matrix made it difficult to 

determine the true oaset. As our interest lay primarily ia the possible 

spectral differences betweea matrices, rather thaa ia the absorbing species 

itself, crude spectra were calculated for comparative purposes. A few data 

points in the region of interest (200-235 nm) were converted to absorbaace 

units, the cold substrate background normalized oat. aad the matrix 

scatteriag liaearly extrapolated from the absorption-free long-wavelength 

regioa and subtracted. These corrected curves are shown ia Figure 1 for all 

three DCEs, and in all cases the xenoa matrix spectrum is red-shifted from 

the kryptoa spectrum by 2-4 am. 
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Table 1: Xenoa Matrix Spectra of the 1.2-Dichloroethenes 

ci'j-dichloroetaeae/Xe 1:100 rraitf-dichloroethene/Xe 1:100 

v, cm*' Assignment v, car 1 Assignment 
3084.0 ( a ) * v | . asya. CH str. 3090.8 (m)* vg, CH str. 
3011.6 (w) 3084.5 (w) 

1519.9 (s) 1665.2 (w) 7 
1511.9 (vi) V2, CCitr. 1658.7 (w) 
15*6.9 (at) 

1565.3 (w>» 
1564.3 (w) V4 + V10 
1562.4 (w) 

1296.7 (at) v t , ia-ptaae 1196.8 (s) vio, CH bend 
1297.1 ( • ) CH bead 

1271.3 (w) V 4 + V | t 

657.5 <vs)» vto, asya. CC1 sir. 904.8 (s) v«. CH bend 
655.7 (v$) 901.4 (a ) 
854.0 (a) 
850.4 (a) 

715.6 (a)» V4, sya. CO sv. 819.0 (vs) b v i i , CO »tr-
712.6 (a) 817.0 (a ) 
709.3 (w) S1S.S (s) 

813.1 (a) 

697.9 (vs) V12. oat-of-plaaa 
696.9 (s) CH b«Ml 
695.7 (a) 

561.7 (a)» v u , CQ defbra. 
566.4 (a ) 

•Relative peak beigbu: w«weak, a*aediua, s«stroag. vs«very strong 
DSplittiag dw to 3 S / 3 7 Q isotopes. 



Figure I: Matrix UV Spectra of the Dichioroethenes 
(see text for correction procedure) 

trans-dichloroethene c/s-dichloroethene l.l-dichloroethene 

200 210 220 230 200 210 220 230 190 210 230 

wavelength, nm wavelength, nm wavelength, nm 
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One hoar of 237 asa photolysis (7.2 mWh) of an 0.51 mmol cfr-DCE/Kr matrix 

(M/R * 100) resulted in the difference spectrum shown in Figure 2. The 

product frequencies, listed in Table 2. are in good agreement with those 

observed upon broadband (X > 200 nm) Hg-Xe lamp photolysis of a similar 

sample ia I. Thus the paotoproducts at 237 nm are seen to be the same as the 

products of broadband UV irradiation: the isomer trans-DCE and the T-

shaped, hydrogen-boaded complex HOCiHQ. Additional bands seen in 

Figure 2 caa be aseigaed to annealing of strong parent cfr-DCE features and 

to CO2 aad HjO. Pour hours of Hg-Xe lamp irradiation through a Pyrcx cutoff 

filter (X>300 nm) caused no spectral changes ia a cij-DCE/Kr 1:100 sample 

at 12 K except for apparent annealing of the cis-DCE parent. 

For aa 0.51 aaaol cfe-DCE/Xc matrix (M/R - 100). photolysis at 237 nm (3.2 

mWh) gave tat difference spectrum ia Figure 3. The product bead positions 

are listed in Table 2. By comparing the product frequencies with the 

rr«ju-DCE/Xe data ia Table 1 and the Kr paotoproduct absorptions ia Table 2, 

two of the products caa be identified as those also observed in krypton. 

Strong bands at »ll.9/tl5.9. 904.9/901.5. 1196.7 aad 3090.5 cm** (descending 

intensity) match up with features of rrew-DCE, aad bands at 3312.0/332g.6. 

2107.7, aad 602.7 cm*1 correlate with the three strongest absorptions of the 

chloroacetyleae-HCl complex. The remaining prominent features at 3264.4 

cm* 1 aad the doublet at 727.9/736.4 cm*1 indicate the presence of a new 

pbotoproduct not formed ia krypton under the same conditions. This can be 

recognized as the acetylene-chlorine cage pair produced in I by mercury-

sensitized photolysis of c«-DCE ia Kr matrix. Growth curves, displayed in 

Figure 4. indicate that all three products are primary photoproducts. la. 
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Table 2: Product* of 237 nm Photolysis of cis-DCE 

cu-DCE/Kt 1:100 
(7.2 mWh) 

v, cm*1 

cir-DCE/Xe 1:100 
(3.2 mWh) 

v, c m - 1 Assignment 

3308.7 (.004) * 

3334.1 (.003) * 
3328.6 (.008) 
3318.0 (.007) 
3312.0 (.012) C VI HC1«C2HCI 

3277.1 (.002)b 
3264.4 (.009) D V3 G2-C2H2 

3090.5 (.003) A V9 tratu-OCE 

2778 (.003) 
2767 (.004) 

2829 (.002) 
2771 (.002) C v,« HC1*C2HC1 

2099.8 (.004) 

2113.1 (.001) 
2109.2 (.006) 
2107.7 (.009) 
2102.8 (.004) 
2099.8 (.003) 

C V2 HG*C2HC1 

1199.1 (.010) 1196.7 (.009) A V10 rrauv-DCE 

908.4 (.011) 
903.3 (.015) 
902.1 (.009) 
899.0 (.005) 

904.9 (.017) 
901.5 (.006) 
898.6 (.003) 

A V6 rro-u-DCE 

823.2 (.051)d 

820.2 (.034) 
817.3 (.008) 

818.9 (.027)<> 
815.9 (.021) 
813.0 (.004) 

A V| l 'r«vu-DCE 

736.4 (.015)* 
727.9 (.015) 

D V5 Q2-C2H2 

602.4 (.004) 602.7 (.007) C V4 HCI-C2HCI 

"Absorbaacss in parentheses refer to peak heights. 

•Split* <*g due to Penai resonance with combination baad V2 + v< + V5. 
cStretching frequency for HC1 snbmolecnle. 

^Splittings d«e to 35/37Q isotopes. 
e Splitting of degenerate * M bend due to presence of G2 cage partner. 
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Figure 4: c/s-DCE/Xe Photoproduct Growth at X * 237 nm 
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summary. 237 tun photolysis of CJJ-DCE in xenon matrix causes isomerization 

to form rraiw-DCE, elimination of HO to form HOC2HCI, and elimination of 

CI2 to form CI2-C2H2. 

Three hours of irradiation of cii-DCE/Xe 1:100 with X * 266 nm (average 

power 15 mW) produced absorptions at 818.9/815.7. 905.0/901.9. and 1196.7 

cm* 1 , and a doublet at 736.3/728.5 caa*1. A portion of the difference spectrum 

is presented in Figure 5. The photoproducts caa be identified respectively as 

tranS'DCB and Q2-C2H2. and it is concluded that excitation at 266 nm induces 

slow isomerization aad chlorine elimination front cif-DCE in xenon matrix. 

Broadband (X > 200 am) irradiatioa of a cfr-DCE/Xe 1:100 matrix produced a 

product spectrum very similar to Figure 3. The only significant difference 

observed was an overall lower intensity for the absorption features of 

Cl2*C2H2. relative to those of the isomerization aad HC1 elimination products. 

A more dilute sample (1:400) gave the same products, with an overall 

sharpening of both parent aad protract features. Diminishing of some 

features within the liaeshape of a given parent bead is indicative that 

multimers contribute to the absorption at that particular frequency. Again, 

the same photoprocesaes are seen to occur under both laser and lamp 

photolysis in the ultraviolet, bat here with differing relative importance. 

After 3.5 hours of Hg-Xe lamp photolysis of cw-DCE/Xe 1:100 through the 

Pyrex filter (X > 300 am), small but distinct product absorptions appeared at 

819.1/815.9 aad 905.2 cm*1, in addition to negative parent features at 

698.1/697.2. S57.8/856.0. aad 715.9 cm*1. That, a stow isomerization of cis-DCE 

to traiu-DCE occurs upon prolonged long-wavelength irradiation in solid Xe, 

although none took place in Kr. 
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Phntn»vri« of f-w.-wlirfilnioctheiie 

Laser photolysis at 237 nm (8.8 mWh) of an 0.58 mmol tra/u-DCE/Kr matrix 

(M/R - 100) produced weak absorptions at 861.0. 699.4. 1302.0. and 718.3 cm-1, 

identified by comparison to I as CM-DCE. Weak bands were also produced at 

2099.8 and 602.3 cm*1, indicating the presence of HCI-C2HCI, which may be a 

product of secondary photolysis of cfr-DCE. In krypton matrix, rra/i--DCE 

photoreacts slowly at 237 nm to form the cis isomer and the HCt elimination 

product. 

In contrast, an 0.54 mmol sample of fraw-DCE 1:100 in xenon was found to be 

very reactive when irradiated at 237 nm. Absorptions appeared after only 10 

minutes of photolysis (0.6 mWh) and became strong with continued 

irradiation, as can be noted ia the difference spectrum in Figure 6 and in the 

list of product absorptions in TaMe 3. One product, with principal features at 

698.0/697.0. 157.6/855.1. 1518.9/1519.1. 715.7/712.6 and 1291.6/1297.7 cm"I. is 

easily recognized as the cw isomer. Absorptions at 3312.4/3328.7. 2107.9 and 

602.7 cm*1 belong to the • elimination product. rK>C2HCl, previously 

identified, and the remaining prominent features at 727.9/736.4 and 3264.2 

cm* 1 are associated with the Gi'CiHi product. Again, growth curves show 

that all three species are primary photoproducu. The bands labeled "K" in 

Figure 6 were identified as CsNO}, 1 3 produced ia aa earlier experiment by 

reaction of NO2 with the Csl substrate. Thus isomerization and the two 

eliminations are the primary processes induced by 237 am irradiation of 

rranj-DCE isolated ia xenon. 

Unfiltered Hg-Xe lamp photolysis of a rra-u-DCE/Xe 1:100 matrix gave a 

difference spectrum similar to Figure 6. the most notable distinction being a 
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Table 3: Products of 237 nm Photolysis of traits-DCE 

rroM-DCE/Kr 1:100 muu-DCE/Xe 1:100 
(8.8 fflWh) (3.2 BiWh) 

v. cm' 1 v. c a ' 1 Assignment 
3334.3 (.002) * 
3328.7 (.006) 
3318.5 (.004) 
3312.4 (.010) C vi HCI*C2HC1 

3276.8 (.001 )b 
3264.2 (.005) D v 3 Cl2'C 2H 2 

2830 (.002) 
2799 (.002) 

2781 (w) * 2772 (.002) C v,c HOC2HCl 

2109.3 (.003) 
2099.8 (.004) 2107.9 (.006) C v 2 HQ*C2HC1 

2102.0 (.002) 

1591.5 (.003) 
1589.8 (.006) 

1591.9 (.002) 1588.9 (.008) B v 2 cu-DCE 
1587.0 (.003) 

1302.0 (.002) 1298.6 (.004) B v 9 cu-DCE 
1297.7 (.004) 

861.0 (.006)* 157.6 (.011)«* B v , 0 cu-DCE 
859.3 (.005) 855.8 (.010) 

736.4 (.015)« D v 5 ClrC2H2 
728.7 (.007) 
727.9 (.014) 

718.3 (.002) 715.7 (.006)d B v 4 cu-DCE 
712.6 (.004) 
709.7 (.002) 

699.4 (.005) 698.0 (.023) B v i 2 cu-DCE 
697.0 (.013) 

602.3 (.002) 602.7 (.006) C v 4 HOC2HCI 

*Abaorbaaces ia parentheses fefer to peak heights; w » weak. 
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^Splitting due to Fermi resonance with combination band v2 + V4 + vj . 
c Stretching frequency for HCI submolecule. 

^Splitting due to 3 5 / 3 7 Q isotopes. 
eSplitting of degenerate x u bend due to presence of CI2 C U C partner, 
see text. 
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lower relative intensity for the C*2*C*iH2 product. As observed for the cis 

isomer. UV photolysis initiates the same photochemical reactions, but with a 

relative importance dependent on the source. 

Longer-wavelength (X > 300 nm) irradiation of a fra-u-DCE/Xe 1:100 matrix 

caused small depletions of the strong parent features at 904.7 and 819.0/816.0 

cm*1 and growth of bands at 698.0 and 857.9/855.9 cm*1 after 3 hours. As in 

the cii-DCE/Xe experiment, photoisomerization proceeds on a slow time scale. 

In contrail, no new features wen observed when traw-DCE/Kr 1:100 was 

subjected to 3 hours of Hg-Xe lamp photolysis at A. > 300 nm. 

Mixtures of C2H2/Xe 1:100 and Cl2/Xe 1:25 were codeposited to give a sample of 

approximate composition C2H2/Cl2/Xe 1:4:200. In such a sample, assuming a 

perfect statistical distribution, 19-26% of the acetylene molecules would have 

a single chlorine neighbor, and 2-4% would have two G2 •earest neighbors, 

depending on the number of substitutional sites (one or two) occupied by the 

acetylene. For comparison, the acetylene mixture was also deposited alone 

(major features 727.6, 3210.5/3267.0, 1317.1 cm*1), but the mixed-sample 

spectrum in the regions of the Ill-active acetylene modes was sufficiently 

complex to inhibit the spectral distinguishing of a small number of Cl2*C2H2 

pairs from the very strongly absorbing isolated C2H2, multimers and other 

acetylene-impurity complexes. The results of Hg-Xe lamp photolysis show 

that such pairs were, however, present. After just 10 min unfihered (X > 200 

nm) irradiation, some parent bands were depleted up to 50%. and many 

product features had grown in. Absorptions at 635.0/612.1, 3328.7/3314.7/ 

3311.9/3301.7. 2839. and 2109.3/2108.3 cm*1 indicate the formation of 

C2HOHCI. The presence of rrcM-DCE is seen in features at 819.0/815.8/813.4. 



905.3/901.4, sad 1196.5 cm' 1, and m-DCE features appeared at 698.2/697.2, 

857.S, and 715.8 cm"1. A number of additional features grew in with 

photolysis but were not identified: 843.1. 573.6. 1240.4/1237.5. 921.2. 973.8. 

673. 1221 cat*1. Most are probably due to photoreactions of chlorine with 

impurities introduced into the matrix by small air leaks or with the 

uaparified chlorine sample. 1 3 

2fjg£hjgg &MhV 

Relative absorptioa coefficieau were determined as in I in order to estimate 

breaching ratios for the laser photolysis experimeats. For cfc-DCE/Kr. the 

integrated absorbeace of the V2 cis-DCE band at 1590.9 car 1 , divided by the 

number of millimoles of cfe-DCE deposited, gave an effective extinction 

coefflcieat of 94 cm-'/mmol. This is ia good agreement with the value 

obtained by Cartlaad aad Pimeatel ia Kr. 87 carVmmol. 9 ia xeaoa the 

effective extiactioa coeffkieat obtained was 82 cm*1/mmol. From the 

experiment with rra/w-DCE ia Kr aa effective extiactioa coefficient of 52 

cm^/mmol was derived for V|o (1199.4 cm*1) of rr«M-DCE, which compares 

well to that daiermiaed ia I, 57.5 cm^/mmol. m Xe this coefffcieat v u 

calculated to be 65 cm*1/mmol. Comparisoa of the Kr matrix values suggests 

that random errors are on the order of 10%. while the Xe coefficients 

perhaps differ slightly more. 

Upoa 237 am photolysis of sa 0.51 mmol cii-DO/Kr matrix, the two products 

formed were trmmS'DCE aad HCWTjHCl. The iamasity of the V2 eis-DCE feature 

sustaiacd aa 11% loss after one hour, aad integrated absorbaaccs of 0.023 

cm-' forvio (1199.1 car*) ofmMj-DCE aad 0.0045 car* forv 2 (2099.8 cm"1) 

of C2HCI were produced. Ustag the extiactioa coefflcieat of 52 carVmmoi 

for v 10 of rr«ju-DCE (I), the cis-io-trtns isomeruatioa yield is 78%. The 
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remaining 22% is thus attributed to the only other product, HOC2HCI; 

however, comparison with the data to be presented and with that in I 

indicates that the extinction coefficient thereby derived for HC1*C2HC1 is not 

reliable. 

Photolysis of an 0.20 mmol matrix at 237 na in xenon caused a 46% depletion 

of the cis-OCE V2 band intensity after one-half hour. The following 

integrated absorbaaces were obtained for the three products: vio (1196.7 

cm - 1 ) of frew-DCE, 0.010 cm- l;v2 (2107.7 cm*1) of HCM^HCl. 0.026 cm*1; V3 

(3264.4 en* 1) of Cb-CiHi, 0.020 cm*1. For f-««*-DCE, this converts to a 16% 

yield. The two elimination products must then account for the remaining 

M% of tbt parent depiction. 

For the w«**-DCE experiment in krypton, the 237 na photoproduct 

absorptions of cis-DCE and HG*C 2

H^* w c m u o t sufficiently intense to permit 

calculation of yields. Comparison of relative intensities with other experi­

ments suggests, however, that cfc-DCE is the major photoproduct and that 

HC1*C2HC1 is a minor, and possibly secondary, photolysis product. 

After 1 hour of 237 urn excitation of an 0.34 mmol matrix, the vto •-<*«*-DCE 

feature at 1196.1 cm*1 was depleted by 13%. Integrated absorbances were 

measured for the three photoproducts: v 2 (1511.9 cm*1) of cto-DCE, 0.024 

cm*1; v 2 (2107.9 cm*1) of HOCjHCl. 0.022 cm*1; ami v 3 (3264.2 cm*1) of 

Cl2*C2H2. 0.0073 cm*1. This indicates an isomerization yield of 43%, and a 

combined yield of 57% for the two elimination processes. 

At this point the yields of the two pbotoelimination products for the xenon 

experiments can be found by applying the method of simultaneous equations 

to the conservation of mass for each reaction: 



mmol parent depleted • £(nmol product) * I (A/e ) 

where A is the experimental integrated absorbance and c the unknown 

extinction coefficient for each phc^roduct. Using product absorbances 

from the cis- and fraw-DCE/Xe experimenu discussed above and the effective 

extinction coefficients derived for the two dichloroethenes, we obtain as 

solutions extinction coefficients of 121 cm'i/mmol for V2 of HCI*C2HC1 and 35 

cnr'/mmol lor V3 of Cl2«C2H2. Relative yields from cis-BCB in xenon are 

thus 16% trmns-DCE, 22% HCl^HQ, and 62% Cl2»C2H2. From trans-

dichkMotdwM ia xeaoa, the phoiopraducu are 43% eis-DCB, 26% HC1*C2HCI. 

and 31% Cl2#C2H2. la each case, the new, chlorine elimination product is 

formed ia significant yield. 



DISCUSSION 

Structure of ayCiH? Phntnpmduct 

The vibrational band* of the Cl2«C2H2 product in Xe show some interesting 

spectroscopic differences from the sane features in Kr. The V3 CH stretch in 

Xe shifts 2.6 cm*1 to the red from the isolated acetylene frequency of 3267.0 

cm* 1 , and the higher component of the Fermi doublet (v2 + v 4 + V5) is 

observed at 3.4 cm*1 lower than the 3210.5 cm'1 band of isolated C2H2/XC 

although with leu intensity than the low-frequency component. This 

contrasts with the Cl2*C2H2 spectrum in Kr, in which the lower component 

shifted far to the rad (12.9 cm*1) of isolated acetylene, apparently far enough 

to remove the Fermi resonance, since no second component was observed at 

all. 

Tuning to the vs bend, a doublet was observed in both Xe and Kr, indicating 

breaking of the Dmk acetylene symmetry by the chlorine cage partner. The 

magnitude of the splitting is similar. SJ cm*1 in Xc and 6.2 cm*1 in Kr, but 

the average shift of the baad position from the C2H2 V5 singlet (727.7 cm*1 in 

Xe. 732.S cm*1 in Kr) is much smaller in Xe (+4.4 cm*1) than in Kr (+12.4 

cm* 1 ) . 

a 
a I 
1 a 

H-C " • C - H - - | ; 
a H - C -"in C - H 

T l T 2 

The large blue shift of both vj components and the large downward shift of 

vs. suggesting an acidic interaction of the CH bond, led Cartland and Pimentel 



to consider an "end-on" structure as in Ti more likely than the T2 structure 

deduced for the HOC2HCI complex by McDonald et al.7 However, the smaller 

average shifts of both V3 and V5 for the Cl2*C2H2 pair in Xe more closely 

resemble the behavior of the well-characterized, x-hydrogen-bonded 

HX*C2H2 complexes with structure T 2 . 7 , 1 4 , 1 3 and thus the T2 geometry is 

favored for the pootoproduct in xenon matrix. In recent codeposition studies 

Ault has suggested die same structure for the acetylene complexes of CI2 and 

CIF in Ar matrix, with the halogen molecule acting as a Lewis acid toward the 

CC bond.1* The appearance of different photoproduct geometries in krypton 

and xenon is no doubt influenced by the difference in cage sixes in the two 

matrices and the possibly differing number of substitutional sites occupied 

by the reactant molecule. Since, in the similar metal atom-sensitized 

photoreaction of vinyl chloride, the HOC2H2 photoproduct frequencies 

were identical for all three sensitizers, Hg, Cd and Zn, 1 5 the presence of the 

metal atom in the krypton case is presumably not responsible for the 

spectroscopic differences discussed here, even though it may play a rate in 

the product geometry change. 

gtntitmt of HCyftyn PfrMTimhffil 

The large degree of splitting seen in the spectral features of the x-hydrogen-

bonded HC1»C2HC1 photoproduct of both eis- and rraw-DCE deserves brief 

comment. Splittings are probably due to trapping in several slightly 

different substitutional sites and nearest-neighbor interactions due to 

imperfect isolation, as evidenced by the spectral simplifications which 

resulted from dilution of the matrix. Significant differences of complex 

geometry are expected to induce more subw-ntial spectral changes, as will be 

seen in Chapter II. Of particular note is the HC1 absorption near 2800 cm*1. 



which is split into several bands of this sort. Over time additional bands 

developed at 2838 and 2859 cm*1, corresponding to Q(0) and R(0) 

rotation-vibration transitions of free HC1 in solid Xe . 1 7 » 1 8 Apparently evsn 

when hydrogen-bonded to chloroacetylene, hydrogen chloride undergoes 

hindered rotation in the xenon cage. 

237 mn PhotolvM* 

The UV absorption spectra of the gaseous 1,2-dichloroethenes exhibit maxima 

near 190 nm but with a red tail reaching nearly to 240 not.1 Matrix spectra 

are consistent with the gas-phase data, although, as noted already, it is 

difficult to determine the exact onset of absorption due to scattering from the 

matrix. Thus it is not surprising that some photochemistry does occur when 

these compounds are irradiated at 237 nm, although this wavelength is 

surely near the threshold of absorption. Consistent with the latter point are 

the small extent of reaction (11% depletion of cfe-DCE/Kr after 7.2 mWh) and 

the observation that neither dkhloroethene reacts when directly irradiated 

through a 246-257 nm interference filter (I). 

As does broadband (X > 200 nm) photolysis, laser irradiation of cfr-DCE in Kr 

matrix induces formation of two products, trans-DCE and HCl*C2rIQ. In 

contrast, the same molecule in xenon reacts to form a new product, Cl2*C2H2, 

in addition to those previously observed. Clearly, changing the matrix 

material from krypton to xenon has altered the product distribution for the 

photorcacUon. The observation that assisted in the identification of the new 

xenon photoproduct, that it is also formed via mercury photosensitization in 

Kr, provides as well a clue to the reaction pathway. Cartland and Pimentel 

(I) concluded that the Hg (3P)-iaitiated CI2 elimination chemistry "takes 

place (at least in the Kr matrix) on a triplet surface that is not accessed with 
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the higher energy, singlet excitation." In the Xe case, access to a triplet 

reaction surface could be facilitated by the heavy-atom matrix environtaent 

through spin-orbit coupling. 

237 nm Photolysis in Kr. The diagram in Figure 7, adapted from I, shows 

the relevant energy levels for the reactants and possible products in this 

system. Sources of the energies which appear on this and other diagrams 

are compiled in Appendix A. For X> 200 nm excitation, the singlet (x.x*) state 

has been considered the major contributor to photochemical activity.1 

Singlet (n,x*) and (n,e*) states are also accessible in this energy regime, 

particularly to the long-wavelength side of the broad DCE absorption, 

although these transitions have low oscillator strength and initiate little of 

the gas-phase photochemistry.1 Since cis-trans isomerization is readily 

accomplished probably only through the nonplanar (x.x*) state, it is 

assumed that the observation of a significant amount of trans-DCE 

photoproduct in Kr means that the l(x*«-x) transition is being exciud by the 

237 nm photons. The possibility that this isc/nierization is accomplished 

through the triplet (x.x*) state, rather than the single:, is eliminated by 

noting that CIJ-DCE was unreactive during prolonged photolysis at X > 300 nm 

in Kr. If the 3(x*«-x) transition, with a vertical energy of 91 kcal/mol,1 9 

were active, the 95 kcal/mol energy input should have caused formation of 

trans-DCE photoproduct. However, the possible influence on the 

photochemistry of the (n.o*) and (n,x*) states must not be ignored. 

Following the argument of Cartland and Pimentel (I), the absence of CI2 

elimination shows that, although a triplet state, Cl2< A 3Bo+u)*C2H2, is 

energetically accessible, triplet reaction surfaces are not involved in the 

photoreaction in Kr. Internal conversion from '[CHCICHCIJ* into high 
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vibrational states of tbe ground singlet state would provide access to a singlet 

ground-state surface with sufficient energy to form any of the three 

possible elimination products. Since neither CI2 nor H2 elimination is 

observed, this mechanism is not very satisfactory as an explanation for the 

appearance of the HOC2HCI product. However, die ground state of CI + 

CHCHG is also energetically accessible, so chlorine atom detachment could 

follow excitation into the l(n,c*) state. The vibrationally hot (J-chlorovinyl 

radical could then either racombine with the CI atom, forming 

dichloroethcnc. or low a hydrogen atom to form HCNCjHCl. The observation 

of cts- and rr«Mj*dichloroetbene as photoproducu of 1,1-DCE in Kr matrix 

bears evidence that CC1 bond rapture and recombination does occur in these 

systems (I). 

237 nm Photolysis in Xe. Having noted the availability of a triplet excited 

state and the heavy atom effect of the xenon environment, it is logical to 

conclude that chlorine is eliminated from 1,2-DCE through this 3[Cl2l* #C2H2 

state via xenon-induced intersystem crossing from the initial singlet 

excitation surface. Interconverskm of isomers may be effected through 

either '[CHClCHCll* or 3[CHC1CHCI]* states. Some HCI elimination may proceed 

through a HCl^^HCI]* state, estimated to lie about 20 kcal/mol below tbe 

singlet chloroacetylene state 2 0 by analogy 10 acetylene.21 Figure t shows 

the energy levels and reaction pathways for the xenon matrix system. 

The enhanced reaction rates in Xe over Kr, as measured by parent depletion 

with photolysis time, can be ascribed to the opening of a new reaction 

channel in Xe. In addition, matrix UV absorption spectra (figure 1) show a 

red shift of the absorption onset in Xe as compared to Kr. suggesting that the 

extinction coefficient at the 237 nm photolysis wavelength—very near the 
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Figure 8: Energy Level Diagram for 1,2-DCE/Xe 
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absorption onset—is higher in Xe than in Kr. although the data show no 

obvious absorption in either matrix at 237 nm. Such shifts in electronic 

band origins with matrix material are well known for atomic species . 1 5 - 2 2 

and have recently been catalogued for diatomics.2 3 

Attribution of the photochemical differences to a matrix heavy-atom effect 

raises the additional question as to why Kr, itself a rather heavy nucleus, 

does not induce intersystea crossing and triplet-surface chemistry. Indeed, 

Morgan and Pimentel have observed heavy-atom effects on emission 

lifetimes and quantum yields for (dimethylamino)benzonitrile (DMABN) in 

both Kr and Xe, relative to Ar. 2 4 Although the rate constant for 

phosphorescence changes by a factor of 300 from Ar to Xe, that for 

intersystem crossing changes by a factor less than Ave. Furthermore, the 

change in * i K is just as large from Kr to Xe (1.8:3.3) as from Ar to Kr (1:1.8). 

While these quantitative results surely do not apply here, they are 

exemplary of both the magnitudes of matrix-induced rate changes and the 

variation of these magnitudes among different processes, and they also 

provide an opportunity to note the distinction between photophysical and 

photochemical manifestations of the heavy atom effect. Geariy it is the rate 

of intcrsystem crossing relative to the rates of other competing reaction and 

relaxation processes, which latter depend on the guest molecule as well as on 

the matrix host, that is crucial in chemically manifesting the heavy atom 

effect. For some molecules, the relative rate enhancement necessary to 

observe a chaage in product distribution might be achieved by using Kr 

instead of Ar, for example, but for the DCEs the heavier Xe matrix is required. 

Wimdhiiiil Phwtv«ti ia Xe 

It is evident that the same matrix-induced intersystem crossing mechanism 
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is at work in the Hg-Xe lamp (X > 200 am) photolyses of cis- and trans-

dichloroethene in solid xenon, since the Cl2*C2H2 product is observed in both 

experiments. At higher excitation energies, a greater number of competing 

reaction channels are opened, thus explaining the lower relative importance 

of C\i elimination at X > 200 nm compared with the 237 nm excitation. In 

addition, a* shown in the CI2-C2H2 codeposition experiments, chlorine is 

easily excited by the Hg-Xe lamp and reacts readily with 'acetylene to form 

HOC2HCI, cto-DCE and trans-DCE. Ault has also observed photoaddition of Cii 

across the CC triple bond of acetylene is Ar matrix.1* Thus secondary 

photolysis of chlorine-acetylene pairs is presumed significant and inhibits 

buildup of this product. 

Direct TriPrfil plMmTfilM*1liBnr 

Perhaps the most convincing evidence for » external heavy atom effect on 

the reaction dynamics is that provided by the longer-wavelength photolyses. 

Light with wavelengths (X > 300 ma) well below the singlet absorption onset 

is sufficiently energetic to stimulate isomeric intercoaverskm of DCEs in 

xenon, yet has no effect on krypton-isolated OCE. The excitation energy of 95 

kcal/mol exceeds the CHC1CHCI Ti«-So vertical transition energy of 89-91 

kcal /mol . 1 9 and the lengthy photolysis times needed to observe products are 

consistent with spin-forbidden character in the excited transition. In this 

case the enhanced spin-orbit coupling of xenon promotes direct absorption 

into the nonplanar 3(x,x*) state of CHC1CHG, from which relaxation to either 

isomer can occur. When the excitation wavelength is 266 nm, cij-DCE 

undergoes both chlorine elimination aad isomerixatioa. The appearance of 

Cl2*C2H2 signifies the accessibility of the excited state 3(Cl2]*«C2H2 at a 

photon energy of 107 kcal/mol. The assigned energy level of this state, 104 
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kcal/mol. is based on the 0-0 transition energy of CI2 (A 3 Bo +

u «-X l r +

g ) and 

would therefore be considered a lower limit if the two molecules do not 

interact. Since this would imply a very low barrier to CI2 elimination 

( E t s 3 kcal/mol), perhaps the observations reveal the intermediate to be a 

triplet excited-state reaction complex with a significant interaction energy 

and characteristic geometry, rather than merely the sum of 3[Cl2l* and 

ground-state acetylene. Following a similar line of thought. Ault suggests 

that absorption by a charge-transfer complex is responsible for the 

reactivity of chlorine-acetylene pairs.1* In any case, the experimental 

results provide firm support for photochemistry on a triplet surface accessed 

via xenon-assisted intersystem crossing. 

BranchiM Ratios and Energy Storage 

The ability to control chemistry on electronic hypersurfaces has important 

implications for photochemical energy storage. Figure 9 demonstrates the 

changes in photochemical branching ratio at 237 nm achieved by altering 

the matrix material from Kr to Xe. Less than 20% of the energy is stored by 

the product HQ^HCl. formed in 22% yield from Ctf-DCE in Kr. while the 

major product. rrciu-DCE, at 71% yield, stores no energy. When pnotolyzed in 

xenon, however, both dichloroethenes give a large yield of a product 

Cl2*C2H2 that stores over 40% of the photon energy, at the expense of the 

energetically neutral product. Thus selection of the reaction environment 

for its spin-orbit coupling characteristics can be a means of directing the 

photoproduct distribution toward more efficient energy storage. 

The difference in branching ratios from the two isomers raises the 

interesting question of its origin. The relative yields of HC1*C2HC1 are equal 

within experimental error. 22% from cfr-DCE and 26% from rrew-DCE. while 



Figure 9: Branching Ratios and Energy Storage 
for the 1,2-dichloroethenes in Kr and Xe Matrices 
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the chlorine elimination yield from the cis isomer, 62%. is twice that from 

the trans species. The excited (*.*•) states are believed to be the same for 

both isomers, with a dihedral angle 90* from the planar ground state . 2 5 - 2 6 

and thus should lead to the same ultimate product distribution, since the 

excitation wavelength is close to the origin of the excited state. The greater 

chlorine yield from cij-dichoroethene, however, hinu that the excited state 

retains some memory of the geometry of the ground state. In I it was 

suggested that "proximity of the two halogen atoms may be needed to 

facilitate reaction with Hg (3P)." Here no mercury is present, but proximity 

again appears important. In this case the matrix cage may well be 

implicated, possibly constraining free rotation about the CC axis in the 

excited state and thus making approach of the chlorine atoms more difficult 

from an initial trans configuration. The similarity of the chloroacetylene 

yields suggests that H a ^ H C I is produced primarily through a.o-

eliaiution. which would be little affected by such a constraint, whereas 

chlorine must be a.P<elimiuated from these two isomers. The results in 

Chapter II on 1,1-dichloroethene will provide opportunity for additional 

comment on this issue. 

QmjQfrijosi IB Esjyjflnf Wjxk 

We have already discusssd in detail the outcome of the present study of DCE 

photolysis in Xe as compared to the Kr matrix studies of Cartland and 

Pimcntel. Observation of chlorine elimination in Xe supports their 

conclusion that this process occurs on a triplet surface, whether accessed 

through selective excitation of Hg Of) and interaction of the excited 

mercury atom with the reactant, or through heavy-atom enhancement of 

intersystea crossing from the initial singlet excited-state surface. 



Precedent for such matrix-induced intersystem crossing is seen in the work 

of Collins and Pimentel, who observed different products of the reaction of 

imidogen with dimethylacetylene in Ar and Xe matrices and attributed this 

difference to heavy-atom enhancement of the intersystem crossing rate 

from a singlet to a triplet surface.27 Changes in photoproduct distribution in 

allene-ozoM photortactioas in different matrices are similarly explained by 

Singmaster and Pimentel.2* Other external heavy-atom effects reported in 

matrices include a progressive shortening of phosphorescence lifetimes in 

heavier matrices, observed by Wright, Frosch and Robinson 2 9' 3 0 and, more 

recently, by Morgan and Pimentel,24 and fluorescence lifetime changes 

from Ar to Xe in studies by Kelly and Rentsepis.31 Heavy-atom effects on 

quantum yield have been observed in solution at room temperature. Cowan 

and Drisko found that addition of aa iodine-bearing impurity to a reaction 

mixture enabled iatersystem crossing to the triplet surface and formation of 

a different product,32 and Plumaer aad China! rcwd a heavy-atom solvent to 

achieve a change in photoprodact distributioa ia their synthetic 

procedure. 3 3 

Other workers studying the photolysis of the dichloroethenes in a matrix 

have reported CI2 elimination, as well as HCI aad Hj climiaatioa aad 

isomerizatioa, upoa short-wavelength (X < 200 am) irradiation of all three 

DCE isomers ia Ar,*«7 N2, CO sad Kr.° The present work tends to reinforce the 

conclusioa made ia I, that elimiaatioa chemistry is determined by the 

singlet or triplet character of the reactioa surface accessed, ia contrast to 

contrary speculations in these earlier studies. 



38 

Photofragmeatatioa studies of raoao- and dichloroethenes ia a molecular 

bean are coasisteat with toe preseat model. Umemoto et al. detect only 

hydrogen chloride aad atomic chlorine as reaction products upon 193 nm 

excitation and conclude that molecular HC1 elimination and CI atom 

detachment are the only primary photofragmentation pathways under 

collisioa-frec coaditioas. 3 4 However, their experimental geometry is not 

conducive to CI2 determination, thai it is not certain that this elimination 

does not also occur. With this caveat in mind, aad with the exception of 

isomerizatioa, which they believe ocean oa a slower timescale. the 

photoprocesees they observe are the same as ia solid Kr, with chemistry 

coafiaed to siaglet rcactioa surfaces oaly. 

Work by Orabowski aad Byliaa preaeats aa iateresting complement to our 

dau oa DCE photochemistry ia solid Xe . 3 5 Whea they measured absorptioa 

spectra of liquid 1,2-dkhloroetheaes aader a high pressure of oxygen they 

foaad a new, weak aaeorptioa ia the regioa 300*400 am, which they assigned 

to the Ti«~S<> traasitioa. Selective excitation ia this wavelcagth raage 

resulted ia eis-trms aad trtns-cis isomerizatioa with quaatum yields near 

0.3. They concluded that isomerizatioa proceeds through a triplet state 

common to both isomers, coasitteat with the preseat fiadiaga of 

paotoiaasaerizatioa hi xeaoa but aot ia kryptoa at \ > 300 am. Similarly, cts-

trmms isomerixatioa of U-dicalorosmsat occurred upoa S 0 2 ( 3 B i ) 

seasitixatioa *; :.> 371 am excitatioa,3* tether evideace for triplet-state 

isomerizatioa. 



39 

CONCLUSIONS 

The Cl2»C2H 2 complex has been identified as a principle product of 237 run 

irradiation of cis- ard i ai»-dichloroethene in Xe matrix, along with the x-

hydrogen-bonded complex H C l ^ H Q and the cis-trans isomerization 

product. The appearance of the chlorine elimination product, not formed in 

Kr, demonstrates that in xenon chemistry is occurring through a triplet state 

as well as from the directly excited l (n, «*) state. The heavy-atom 

environment enhances spin-orbit coupling and thus facilitates intersystem 

crossiag from the initial singlet lo a triplet surface, providing access to the 

otherwise spin-forbidden elimination channel. Observations of CI2 

elimination and cis-trtns isomerizatioa ia Xe, at photon energies below the 

singlet absorption threshold, show that the external heavy atom also assists 

direct TI« -SQ absorption. 

It is evident that spin-orbit coupling ia the matrix environment hu a strong 

influence on the photochemical reaction dynamics with respect to the ease 

or difficulty of singlet-tripiet transitions. Thus selection of the matrix 

material may be used to effect changes in producu and branching ratios, and 

to control desirable properties such as capacity for energy storage, 

exemplified here. The photon energy dependence of various channels 

provides a glimpse of surface contours and energy relationships on the 

electronically excited hypersurface and a hint of the importance of excited-

state complexes in the photochemistry of these matrix-isolated species. 
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INTRODUCTION 

Reasons for the selection of haloethenes in general, and the dichloroethenes 

in particular, for investigation of photochemical dynamics in a matrix have 

already been detailed in Chapter I and elsewhere. 1.2,3,4 m particular, 

Cartland and Piaeatel showed that all three DCE isomers exhibit different 

photochemistry depending on the multiplicity of the reaction surface 

excited, the singlet via direct excitation or the triplet surface via Hg ( 3 P) 

sensitization. 2 Prior studies in both gas and matrix phases, available 

information on the excited states of reactanu and products, sad ease of 

assignment of IR spectra of these species also contribute to the overall 

suitability of these molecules for the present studies. To further probe this 

surface dependence without the complicating factor of metal atom 

photoreaction, the xenon matrix studies were initiated. The 1,2-

dichloroethenes were examined first, as their chemistry was found to be 

simpler, apparently due to the minimal involvement of free radical 

processes. 2 and these were found to demonstrate dramatically the effect of a 

heavy-atom matrix on the pbotoproduct distribution.4 

Our interpretation of this effect as matrix-induced intersystcm crossing is 

most easily confirmed through study of the third member of the family, 1.1-

dichloroethene. The cis and trans isomers are expected to, and do. exhibit 

siawJar photochemistry because they lie in proximity along a simple reaction 

coordinate, rotation about the C«C bond. The geometry of 1,1-dkhloroetbene 

places it on a quite distinct portion of the ground state surface, yet it shares 

with the 1,2 isomers many of the same, well-characterized, possible 

intermediate excited states and products. This provides an opportunity to 
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generalize and further characterize the matrix heavy-atom effect without a 

simultaneous drastic change of absorption curves, reaction rates, and other 

factors—to survey familiar territory from a different benchmark. Certainly, 

too. the 1,1-DCE isomer provides an additional point of interest, for in this 

isomer both elimination processes of interest are geometrically limited, HC1 

to the a.p route and CI2 to the a, a route, whereas in the 1,2 isomers only 

chlorine elimination geometry is defined by the precursor structure. 

Thus both a desire for completeness and hopes of further elucidating the 

photochemical reaction pathways of these molecules motivate examination of 

the photochemistry of 1,1-dkhloroethene in Xe matrix, with comparison to 

the results in solid Kr. In addition to xenon-induced photoproduct changes 

similar to those previously observed, a novel photoproduct is observed and is 

characterized by isotonic substitution and wavelength-dependence studies. 

Possible photochemical pathways for production of this new product are 

evaluated and their implications discussed. 
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EXPERIMENTAL SECTION 

The experimental apparatus and procedures were identical to those described 

in the previous chapter. In one experiment, broadband infrared photolysis 

(v < 5300 cm"1) was performed using the spectrometer globar source, filtered 

through a 5-mm germanium plate to remove any residual visible radiation. 

All laser photolysis studies were performed oa the IR97 instrument, and Hg-

Xe lamp and R photolysis experiments were done on the IR44. 

1.1-dichloroethtM (1,1-DCE) was obtained from Aldrich (99%) and purified 

and stored as for the l,2>dicMoroetheaes. The 2,2-dideuterated material wu 

prepared according to the method of Liebler and Guengerich.3 Briefly, 

dichloroacetyl chloride and lithium aluminum deuteride were reacted to 

make 2,2-dichloro-l,l-dideuteroethaaol.* The ethanol was convened to a 

tosylate with p-Klueue-sulfonyl chloride,7 then this was dehydrated with 

DBU (diaxabicyclo{5.4.0]undec-7-e«e) to give the d2-l.l-DCE. Product purity 

was verified by infrared and mass spectral analysis, and the product was 

stored at -20* C 
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RESULTS 

Matrix Infrared Spectra 

The infrared spectrum of l.l-dichloroethene ia krypton matrix has been 

previously reported2 and was reproduced ia this study. The spectrum of 1,1-

DCE isolated ia xeaoa was similar to the gas phase* aad krypton-matrix 

spectra, with the added complicatioas of a matrix shift of a few cm*1 and the 

more extensive site splittlag coauBoa ia Xe. The dideuterated species, d2-l, l-

DCE, was studied only in Xe, aad its spectrum was assigned by comparison 

with the g u phase frequencies.1 Absorptioa frequencies aad intensities for 

both dihydro- aad dideutero-l.l-DCE in xeaoa matrix are reported for the 

first time ia Table 1, aad their spectra caa be seea as the negative features in 

the difference spectra ia Figures 2a-b aad 7. 

Matlil TTY ftlaTffl 

As reported ia Chapter I, tran—ittaace spectra were recorded for samples of 

1,1-DCE ia Kr aad Xe, aad corrected absorptioa curves are shown in Figure 1 

in that chapter. Like 1,2-DCE, 1,1-DCE exhibits a structureless, broad 

absorption beginning arouad 230 am, which is red-shifted a few naaometers 

ia Xe relative to Kr. 

Laser photolysis at 239 am (1.5 mWh) of 1.1-dkalofoetheae (1.1-DCE) 1:100 in 

0.43 mmol Kr produces a number of new absorptions ia the infrared 

spectrum, as seea ia Figure 1. These, iacludiag some more readily visible 

upon scale expansion, are listed ia Table 2 aad caa be readily assigned and 

identified with reference to previous work oa this system.2 Essentially no 

further growth of these features occurred after 1.5 mWh photolysis. Both 
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Table 1: Xenon Matrix Spectrum of 1,1-dichloroethene 

U-DCE/Xe 
1:100 

v. cm' 1 

d2-l.l-DCE/Xe 
1:100 

v . e m - 1 Assignment 
3121.4 a,b 23S3.1 aj> v 7 . CH2/CD2 as. str. 

2247.2 (.009) 
2239.7 (.016) 
2237.3 (.022) vi, CD2 sym. str. 

1614.1 «h> 
1612.4 (.139) 

1560.1 (.110) V2. CC str. 

1557.6 (.009) 
1SS4.4 (.021) 
1551.7 (.010) 

? 

1391.7 (.013) ? 

127S.6 
126S.0 

(.013) 
(.006) 

? 

1017.0 (.131) 
1015.0 (.120) 
1076.1 (.OSS) 
1075.2 (.093) 
1071.7 (.03S) 

979.S 
971.0 
990.6 
916.6 
913.9 

(.437) 
(.331) 
(.136) 
(.171) 
(.147) 

vi, CH2/CD2 rock 

Fermi resonance? 

I66.S (.215) 693.1 (.191) vn, CH2/CD2 waf 

7IS.6 (.244)C 
714.0 (.152) 
712.0 (.037) 

69S.6 
692 

(.440)* 
(.041) 

V9, CCI2 as. str. 

74S.4 b V5 + V12 

601.9 (.015)<= 
S99.S (.032) 
S96.0 (.020) 

510.7 
S71.7 
S76.I 

(.061)6 
(.033) 
(.046) 

V4. CCI2 *ym. xr. 

439.3 (.0S7) vi2. CQ2 wag 

*Absorbances ia parentheses refer to peak heights: h2- and d2-DCE 
intensities not normalized to each other. sh*sbonlder 

bweak 
cSplitting due to 3 S / 3 7 Q isotopes. 
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TaMe 2: Products of 239 nm Photolysis of 1.1-DCE/Kr 

1.1-DCE/Kr 1:100 
(1.5 mWh) 

v. cm*1 Assignment 
3314.6 (.003)* 
3310.2 (.010) 
3301.7 (.014) C vi HC1'C2HC1(K) 

2771.3 (.013) C v,» HC1.C2HCI(JC) 
2776.4 sh 
2772.5 (.006) 
2761.4 (.006) 
2099.6 (.001) C v 2 HOC 2HC1(R) 

2091.7 (.003) 
1590.9 (.004) B V2 cu-DCE 
1291.5 (.002) B v 9 cfr-DCE 
905.7 (.003) A Vfi traxs-DCE 
•50.1 (.003)6 B vi o eii-DCB 
149.1 (.003) 
123.1 (.006)C A v u rnuu-DCE 
119.7 d 
699.6 (.007) 
696.7 (.010) B vi 2 di-DCE 
615.2 (.001) 
601.1 (.012) C V4 HOC2HC100 

aAbtorbaaces ia parentheses refer to ptak heights; shashouldcr. 
'Stretching frequency for HCl subnwlecvie. 
eSpUtttag due to 35/37Q isotopes, 
'weak 
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isomerization products cis- aad franj.1,2-dichioroethene are observed, as is 

the T-shaped complex resulting from hydrogen chloride elimination. 

HCI-C2HCI, while no evidence of the chlorine elimination product, Cl2*C2H2, 

is seea. The laser-induced photoproducu are identical with the reaction 

products observed by Cartland aad Pimeatel upon broadband (X> 200 nm) 

irradiation with a high-pressure Hg-Xt arc lamp,2 and, as in that 

experiment, ITCI-C2HC! it the predominant product 

BuojyjiijaXftaaidi 
Upoa 239 cm photolysis of aa 0.M mawl U-DCE/Xe matrix with M/R » 100. 

the paotoprodact spectrum prtteattd ia Figures 2a aad 2b develoos. Table 3 

displays the frequencies aad iateasities for these absorptioas, a number of 

which an agaia readily assigaed 10 photoproducts cii-DCE, rraw-DCE, and 

HC1«C2HC1. Ia addition, a stroag aew doublet at 72S.5/736.S cm*1 aad an 

additioaal doublet at 3264.0/3277.1 cm*1 are pre teat ia the spectrum and 

ideatifiaMe at 02-C2H2 by comparison to the analogous els- and trans-DCE 

experiments. Product growth curvet, saowa ia Figure 3, indicate that all 

four products are primary photoproducu. la particular, the characteristic 

vs doublet of the acetyleae complex is distinguishable at very short 

photolysis timet, demonstrating that Cl2*C2H2 it aot formed solely via 

secondary photolysis of cii- or irmu-DCE. 

At asea ia Figure 4. broadband (X > 200 em) irradiation of 0.50 mmot 1.1-DCE 

ia Xe retultt ia stroag absorptions cormpoadiag to both itomcrizatioa 

producu aad the HC1 elimiaatioa product Sometimes a weak absorption at 

729 cm*1 was alto distiaguishabk, suggesting the presence of a small 

quaatity of Cl2*C2H2- la additioa to these previously identified producu. a 

sharp aew baud at 3212.1 cm*1 was observed ia all broadband photolysis 
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Tsblo 3: Products of 239 na and Broadband Photolysis of 1,1-DCE/Xe 

1.1-DCE/Xe 1:100 
(3.8 aWh) 

d2-l.l-DCE/Xe 1:100 
a * aWh) 

v. cm -1 v. cm 1 Assitnment 

3313.6 (.016)* 
3310.9 (.014) 
3301.7 (.024) 

3277.1 (.003) b» c 

3264.0 (.013) 

3014 d 

2772.1 (.019) 

2106.3 (.004) 
2'03.1 (.003) 
2091.4 (T 3) 

1511.7 (.007) 

1297 J (.004) 
1196.5 (.011) 

904.1 (.005) 
900.9 (.001) 
391.3 (.005) 
195.4 (.004) 

150.0 (.019)1 
841.0 (.013) 
•46.1 (.004) 

•11.9 (.024)S 
•15.7 (.016) 
113.4 (.005) 

756.1 (.006) 

736.1 (.019)b«B 

725.5 (.024) 

714.1 (.004)1 
710.1 d 

2599.9 (.005)* 
2596.4 (.001) 
2594.0 (.001) 
2590.1 (.034) 

2424.4 (.005)* 

2214 (.002) 

2276.7 (.003) 

2009.7 (.013) 
2006.9 (.009) 

1964.4 (.010) 

l>76 f 

1042.?, (.017) 

910.7 (.012) 

665.2 (.007) 

762.9 (.011)1 
761.3 (.001) 
759.1 6 

716.1 (.00l)f 
7*3.4 (.004) 
711.0 (.002) 

740.5 (.004) 

543.3 (.010)».h 
537.4 (.012) 

7 0 3 f 

C vt HC1*C2HC1 (*) 

D V3 OfCzKi 

A va tmu-DCE 

B Vf df*DCE 

C v,c HG*C 2Ha(x) 

c V2 HCM^HCI 

B V2 df-DCE 

B v« cff-DCE 

A vi o Www-DCE 

A Vf twu-DCE 

B v io cil-DCE 

A v u ftvu-DCE 

B V3 cil-DCE 

D V5 Cl2»C2H2 

B V4 ctr-DCE 
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697.2 (.028) 540.9 (.016) B v n cfc-DCE 

615.0 (.016)" 475 (.012)" C v 4 rK>C 2Ha 
601 f 466 (.012) 

32111 i 2541.6 i F vi HOC2HCl (a) 

2742 i 1990.0 i F v,e HCl«C2Ha (o) 

* Absorb—cas in parentheses refer to peak hsights after 239 nm 
photolysis. 

bpeak height given is for 239 nm photolysis; weak or absent after 
broadband photolysis. 
cSplittiag due to Fermi resonance with combination band V2 + v« + V5. 

""weak 

'Stretching frequency for HC1 nbmolecule. 

'band obscured by parent absorption; frequency predicted from 
isotope shift. 

• Splitting de* to 3S/37a isotopes. 

•Splitting of degenerate bend due to presence of cage partner. 

•Observed only anon broadband (X> 200 nm) photolysis; intensity 
relative to equivalent band of * complex varies (see text). 
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Figure 2a: Difference Spectrum of 1.1-DCE/Xe 1:100 at 12 K, 
after 3.8 mWh laser photolysis at X - 239 nm 
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Figure 2b: Low-Frequency Region from Difference Spectrum 2a; 
1.1-DCE/Xe 1:100 at 12 K, after 3.8 mWh laser photolysis at X - 239 nm 



Figure 3: 1,1 -DCE/Xe Photoproduct Growth at Jt» 239 nm 
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Figure 4: Difference Spectrum of 1,1-DCE/Xe 1:100 at 12 K, 
after 1.0 h Hg-Xe lamp photolysis at X > 200 nm 
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experiments and. weakly, in one laser photolysis experiment The relative 

intensity of this band varied significantly from experiment to experiment, 

but in some cases was as high as 70% of the intensity of the strong vj band of 

HCNC2HCI nearby at 330S cm*1. The behavior over time of this feature was 

like that of the other products, smoothly approaching an asymptotic limit 

with no evidence of an induction period, as seen in Figure 5. A slight 

frequency shift of this product band, but no decrease in intensity 0. other 

change, was observed after annealing to 45 K a 1,1-DCE/Xe matrix which had 

beta previously irradiated at X > 200 nm. A maximum at 2742 cm*1, 

superimposed on the sloping baseline of the stronger absorption at 2772 

cm* 1 , had the same wavelength-dependent behavior as the 3212 cm"1 

feature, but iu intensity relative to that of the higher-frequency feature did 

not appear to be constant. 

Photolysis through the 12 K Csl window (X > 211 nm. determined from UV 

spectrum) gave the same three known products, eis- and rrenr-DCE and 

HOC2HCI. along with bands at 3212J and 2742 cm*1, while continuing 

irradiation through a Coming 7-54 filter (400 > X > 224 nm) produced mostly 

HOC2HCI and trou-DCE. Direct initial photolysis with the 7-54 filter, 

however, gave all four products. The photoproduct spectrum of a more dilute 

1:500 matrix showed no spectral differences from the more concentrated 

sample, except a narrowing of product features and diminishing of some 

features due to mullimtrs. 

Pyrex-filtered irradiation (X > 300 nm) of I.l-DCE/Xe 1:100 for 3.5 h induced 

no spectral changes due to uniinotecular photochemistry of 1.1-DCE. In one 

caw. however, X > 300 nm photolysis gave a weak absorption at 1100.6 cm*1 

that was depleted upon subsequent irradiation through a 254 nm 



Figure 5: 1,1 -DCE/Xe Photoproduct Growth at X > 200 nm 
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interference filter (247 < X < 251 nm) as a doublet at 1234.4/1231.9 cm*1 grew 

in. The proximity of these features to the strongest absorptions of OCIO (1105 

cm' 1 in solid N2) 9 and HOC1 (1239 cm'1 in solid Ar)1^ suggests both some 

production of CI atoms and the presence of a minor air leak, source of O2 

and/or H2O. 

In one case, as mentioned above, prolonged laser photolysis (11.6 mWh) at 

239 am did produce a small bat definite absorption (.0031. 12% of 3308 band) 

at 321 l.t cm*1, which exhibited essentially identical growth behavior to the 

other photoproduct absorptions (cix-DCE, frew-DCE, HCI*C2HCI, Cl2»C2H2). 

The sample containing the laser-produced pbotoproducts w u then irradiated 

with the broadband source for five minutes, resulting ia a dramatic decrease 

in the intensity of the vj and V3 beads of the chlorine-acetylene complex, 

while all other product absorptions, including the unidentified 3212 cm' 1 

feature, continue to increase, and the parent 1.1-DCE absorptions continued 

to disappear. These kinetic data arc plotted in Figure 6 aad clearly 

demonstrate the different behavior of the Cl2*C2H2 D M d * t m m , i M t c o f ^ 

other producu. 

One experiment was performed to investigate the effect of infrared 

irradiation oa the unknown photoproduct A sample of 1,1-DCE/Xe 1:100 was 

photolyxed for 1.5 h at X > 200 am to produce the usual array of 

photoproducts. The sample was then exposed to the Ge-finered globar source 

of the spectrometer (v < 5500 cm*1) for 12 a. Neither depletion of the 3212 

and 2742 cm*1 beads nor growth of other existing or new bands was detected. 

Aa 0.53 mmol sample containing d2-l.l-dkhloroethene 1:100 in Xe was 

irradiated with the laser at 239 nm and developed the product spectrum 



Figure 6: Growth Kinetics of Photoproducts of l,l-DCE/Xe 
With 239 nm Photolysis and Subsequent X > 200 nm Photolysis 
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shown in Figure 7. Photolysis with the high pressure Hg-Xe lamp or a 

medium pressure Hg source produced a similar difference spectrum. lacking 

the 537 and 2424 cm*1 absorptions of the laser experiment, but containing an 

additional, sharp band at 2541.7 cm*1 and another at 1990.0 cm' 1, as seen in 

Figure 8 (0.4S maol sample). Ptttoproduct absorptions for both 239 nm and 

broadband paotolyses are included m Table 3. For one pretrradiated sample 

of d2-l.l-DCE/Xe. the temperature dependence of the photoprodnct spectrum 

was studied, with spectra collected at lea-degree intervals from 30 to 60 K 

after photolysis at 12 K. The temperature dependence of selected bands is 

plotted ia Figure 9. 

fifhjf frfafrgajej 

Uafiltered arc lamp irradiation of a sample of trichloroethene (TCEVXe 1:100 

resulted ia rapid growth of product absorptions at 2794.9. 2229.4, and a triplet 

at 917.5/914.5/910.9 cm*1 with relative intensities of 1:4:1. These absorptions 

are ia good agreement with TCE ahotoproducu observed by Canlaad in Kr 

matrix 3 ' 1 1 and identified as the HO stretch, V2 (CC stretch, activated by 

complexation with HQ). aad vj (CO stretch, with isotope splitting) of the HC1 

elimination product. HCl^Clj;. Photolysis through Corning glass filter 7-54 

gave much slower growth of the same features. Neither U h irradiation 

through a Pyres filler (X>300 am) nor 4.0 h through a 290 am interference 

filter (bandpass 260-335 am) caused aay spectral chaages. 

Hg-Xe are lame irradiation of 2-chloro-l.l-difluoroetbeae (CDFEyXe 1:100 

through a 254 am interference fiber (bandpass 247*251 nm) for 3 hours 

caused no paotoproduct growth. Uafiltered photolysis induced features at 

1906.5. 1252.0. 1935. 1230. aad 766 em*1. These were assigned to F2CO by 



63 

in 
o 

•otraqjotqy W) 



A dfe-frans-DCE 
B dj-cfc-DCE 
C «-DOC2DCI 
F o-DChCsOCI 
ECO2 
HH2O 

-1—n—1—1—1—1—1—1—1—1—1—1—1—1—1—n—1—1—1—1—1 r*"̂  
2800 2500 2000 1500 1000 500 

Fraquancy, cm*1 

Figure 8: Difference Spectrum of ayi.l-DCE/Xe 1:100 at 12 K, 
after 1.0 h Hg-Xa lamp photolysis at X > 200 nm 
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Ftgure 9: Temperature Dependence 
of 1,1 -d2-DCE/Xe Photoproduct Bands 
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comparison with the Ar-matrix spectrum of that molecule 1 2* 1 3 and thus 

indicate the presence of an air leak. 

In order to estimate branching ratios for the laser photolysis experiments, 

relative absorption coefficients were calculated as in Chapter I. For a matrix 

containing 0.43 aamol of 1,1-DCE/Kr 1:106, the integrated absorbanee of the 

V2 feature at 1613.1 car 1 was found to equal 0.393 cm*1. This gives an 

effective absorption coefficient of 14S cnr'/mmol, in rather poor agreement 

with Cartland's Kr-matrix value of 64 cm^/mmol. The same feature, at 1612.4 

cm* 1, in a 1:105 sample of 1,1-DCE/Xe (0.S6 mmol deposited) had an integrated 

absorbance of 0.441 cm*1, for a coefficient of S3 cm^/mmol, still some 30% 

larger than Cartland's value in Kr and quit* different from the new Kr 

coefficient. Although some variation in extinction coefficient with matrix 

gas may be expected, this is a larger deviation than the 15-20* observed for 

cis- and 'rnu-dichloroetbenes. Due to the possibility of spectral 

interference from HjO in the 1600 cm*1 region, the v u parent feature near 

167 cm*1 was also integrated in each matrix, and the ratio of those 

abaorbances in Kr and Xe was found to agree to within 5% with the ratio of 

the V2 bands, thus indicating that water interference was not the source of 

the discrepancy. 

After 0.42 h 239 am phototysu (1.5 mWh) of the l.l-DCE/Kr sample, the 1614 

cm* 1 feature was depleted by I* , and integrated absorbaoces of the 

photoproducts were determined to be 0.0019 cm*1 for V2 of cis-DCE (1590.5 

cm*1) and 0.0119 cm*1 for v 2 of the K-HOC2HCI complex (2099.9 cm*1). The 

trans-DCE feature for which an extinction coefficient was available, vio at 

1197.6 cm*1, was not stsong enough in this spectrum to be measured. 
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although v« and v i i absorptions indicate that traits-DCE was present. Using 

the extinction coefficients for cij-DCE and the HC1 product in Kr from 

Chapter I. 94 cnrl/mmol and 12S cnrVmmol. yields are obtained of 30% cis-

DCE and 29% HCIK^HQ. From the noise level, the yield of trans-DCE is 

estimated at no mora than 15%. The three products thus account for $74% of 

the loss of starting material. 

The 1,1-DCB/Xt matrix was depleted by 51% after 0.75 h 239 nm photolysis (3.8 

mWh). Photoproduct integrated absorbances were measured: 0.0177 cm*1 for 

v 2ofcfe-DCE (1511.7 cm*1); 0.0270 car 1 for v 1 0 of fraw-DCE (1196.5 cm*1); 

0.0260 cm*1 fcrva of H&C2HCI (2091.4 cm*-); 0.341 cm*1 forv 3 of CI2-C2H2 

(3264.0 cm*1). Following the same procedure and using extinction 

coefficients of 12 and 65 cm*1 for eit- and xr««-DCE in Xe. and 128 and 35 

cm^/nunol Cor the HC1 and Oz elimination producu, respectively, yields 

resulted as follows: 7% cit-DCB. 14% trvu-DCE, 7% HCI-C2HCI. 32% Cl2»C2H2: 

which together account for 60% of the depleted 1.1-DCB parent. 
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DISCUSSION I: Spectroscopic Identification of Photoproducts 

The photoproducts of 1,1-dichloroethene in krypton and xenon after 239 nm 

irradiation have already been identified, as their infrared spectra are quite 

familiar from studies of the 1,2-dichloroethcnes. However, the matrix 

infrared spectra of the products in the deuterated experiment were 

unknown, and thus a more careful analysis of the d2-l.l-DCE/Xe 

photoprodnct spectrum was required. The spectral assignments are discussed 

below and the data collected in Table 3. 

The 239 nm photoproduct spectrum of d2-U-DCE/Xe can be assigned by 

comparison of product frequencies with gas phase spectra aad published 

matrix spectra of expected products, bearing in mind the previously studied 

photoproducts of the undeuterated molecule.2 Gas phase frequencies are 

available for the two dichloroetheae isomers, d2-ci*-DCE and d2-*r«ju-DCE.' 

and isotonic shifts calculated from the gas phase absorptions predict very 

well the isotopic shifts for the xenon nutrix spectra. Dideutera-cfe-DCE is 

clearly formed, as seen by the presents of the strong V|2 540.9 cm*1 CD bend 

and the triplet at 762.9/761.3/7S9.S cm' 1, which exhibits the MC1/"C1 isotope 

spUttiag expected in the v*a symmetric CC1 stretch. The vi CD stretch 

appears at 2276.7 cm*1, while the V2 C»C stretch and the va asymmetric CG 

stretch, predicted to fall at 1S76 and 703 cm*1, respectively, are obscured by 

overlapping bands of the parent molecule. A strong band at 1042.2 cm*1 is 

assigned to the ve in-plane CD bend, although in H2CCCI2 this band (1297.5 

cm* 1) is relatively much weaker. The intensity of this bend in the dideutero 

species is enhanced through mixing with another band of the same U2) 



69 

symmetry moved nearer upon substitution, probably the strong VJO CCl 

stretch. In support of this hypothesis, a weaker feature at 1033.8 cm'1 can be 

distinguished in some spectra and may be due to 3 5 C1/ 3 7 C1 splitting (shift of 

1.0081; 1.0070 predicted). The presence of d2-fa**-DCE can be ascertained 

from bands at 910.7 and 66S.2 cm*1, corresponding to the vio and v$ CD bends, 

and the v n CCl stretch at 786.1/783.4/781.0 cm*1, showing chlorine isotope 

splitting and an intensity ratio of 10:5:1, close to the predicted 9:6:1. The V9 

CD stretch is also weakly present at 2284 cm*1. 

The it-bonded deuterium chloride elimination product. DC1-C2DC1, is identified 

by comparison of the photoproduct frequencies with the data of Andrews, tt 

at. for variously substituted hydrogen-bonded HX-C2HX complexes in argon 

matrix. 1 4 The strong v | CD stretch of the chloroacetylene moiety shifts to 

2590.1 cm*1 by a factor of 1.277. identical with the deuterium shift of the 

same hydrogen-bonded species in Ar. Similarly, the V4 CD bend, split into in-

plane and out-of-plane components by the presence of the DC1 partner, is 

observed at 475/466 cm*1, shifted by a factor of 1.29 as predicted. Andrews tt 

al. point out that, although the abxolutt vibrational frequencies depend on 

whether the subtnoleculc is isolated or complexed, the v H / v D ratio is identical 

in both cases. Thus the v H / v D ratio of 1.068 obtained by assigning the 1964.4 

cm*1 product band to the V2 G-C stretch of the DOC2DCI complex is in 

excellent agreement with the 1.067 ratio they obtain for uncomplexed C2HCI. 

These workers do not report a value for V3, the CO stretch, but the slight 

shift from 756.1 cm*1 10 740.5 cm*1 of this band ( v H / v D • 1.02) is reasonable, 

given the isotonic shift of 1.01 which they report for the equivalent 

vibration of fluoroKetylene. Finally, assignment of the strong band at 

2009.7 cm*1 to vibration of the hydrogen-bonded DC1 submotecule, to obtain a 
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v H / v D ratio of 1.38. gives good agreement with the 1.39 value obtained for 

this species in Ar as well as with the value of 1.38 for the isolated hydrogen 

halide in Kr. 1 3 This product clearly has the same T-shaped structure 

observed before, with DC1 hydrogen-bonded to the x bond of 

deuterochloroacetylene. 

The deuterated version of the fourth product observed in Xe, Cl2*C2D2, can 

also be identified by comparison with the Ar matrix data of Andrews and 

coworkers. The symmetry-broken doublet of the vj CD bend of C2D2 is 

observed at 537.4/543.3 cm*1, each component shifted a factor of 1.356 from 

iu 728.5/736.8 cm*1 counterpart in the C2H2 complex, just as in the HOC2H2 

complex studied by Andrews et al. The two acetylene bands are distinguished 

from the 540.9 cm*1 band of d2-cfr-DCE by their intensity ratio of 1.25 

(537.4/543.3). identical to the ratio of absorbances (728.5/736.8) in the 

equivalent 1 H experiment. The V3 CD stretch, observed as a doublet in the 

C>2*C2H2 product, is seen here as a singlet at 2424.4 cm*1, the Fermi 

resonance removed upon isotopic substitution. This pbotoproduct, too, is 

easily identified as the same chlorine-acetylene complex seen upon 1,2-DCE 

photolysis in Xe. 

Thus 239 run photolysis of dideuterated 1,1-DCE isolated in Xe causes 

isomerization to eis- and frou-DCE, elimination of DC1 to give the x-

hydrogen-bonded chloroacetylene complex, and elimination of CI2 to form 

the dideuieroacetylene-chlorine complex. In other words. d2-l.l-DCE/Xe 

undergoes the same primary photops&cesses as does the unsubstituted 

molecule at this wavelength, surely no great surprise. The excited-state 

reaction pathways which lead to these producu will be discussed in detail in 

a later section. 
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p*wwnp»vfcwt« of <fr-i.i-DCE/Xc M x. > 20Q nm 
Now that the two isomers and two elimination products have been identified 

in .oth protonated and deuterated versions, much of the photoproduct 

spectrum at X > 200 am can be assigned by inspection. Elimination of HC1 to 

form the x-bonded complex has clearly occurred upon broadband photolysis, 

as has isooMrizatioa to ett' and '-e-u-dichloroetbene. The C2D2 doublet at 

537/543 cm*1 is not detected, although chorine elimination no doubt occurs, 

as it does in l,l-C2H2Cl2/Xe. As sees befon, secondary photolysis is efficient 

in destroying chlorine-acetylene pairs, and in addition deuterium-

substituted vibrations are less intense than hydrogen motions. 

The pbotoprodvct with a bead at 3212.1 cat*1 remains to be identified— 

certainly a problematic task in the absence of other features definitely 

assignable to the same species. The observed frequency suggests a CH 

stretch, but it falls just between the normal frequency ranges for acetylenic 

(e.g. C 2 H 2 : 3374, 3219 cm*1; C2HO: 3340 cm*1) and ethylenic (eg. C 2 H 4 : 3106. 

3103 cm*1) CH stretches.* In fact, this frequency is more typical of species 

with alkaic bonding, such as kstaie. H2C--C--O (31S5 cm* 1 ) . 1 6 and the linear 

diradical HC-C-N (3229 em* 1). 1* but to is difficnlt to imagine an allene-like 

product of 1,1-DCE decosnposhion. The relative strength of this feature in 

the mote dilute 1*500 experiment does not die rente enough to support a 

contention that the unknown product is a reaction product of dimers or 

higher multimcrs. 

More exotic species, such as chlesovinyl radicals or the biradical vinylidene. 

are also eliminated on further consideration. Jacox reports a CH stretch of 

3171 cm*1 for the fluorovinyl radical.11 whereas Engdahl and Nelander 
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observe a value of 3093.8 cm"1 for the bromovinyl CH stretch;19 thus the CH 

stretch for a classical, asymmetric, chlorovinyl radical such as these would 

probably fall in between, substantially below the observed frequency. 

- However, the chlorovinyl radical might also take a cyclic or bridged form, 

the chlorine interacting with both the doubly-bonded carbons. Such a 

structure has been suggested by various workers 2 0* 2 1 to be a lower-energy 

form thfi»i the classical, unbridged structure, and the bridged bromovinyl 

radical is long known. 2 2* 2 3 The 3207 cm*1 CH stretch of matrix-isolated 

th i i rene , 2 4 ' 2 5 the bond-satisfied sulfur analog, gives weight to this 

possibility, but the absence of any other vibrational absorptions makes 

bridged chlorovinyl an unlikely claimant to tht observed absorption. In any 

case, the stability of the 3212 cm*1 feature toward annealing and prolonged 

photolysis discounts the possibility' that it belongs to a very unstable species, 

as cage recombination with the a atom would be expected to occur under 

these conditions. Vinylidene. :C«CH2. has been predicted to have CH 

vibrations ia aa appropriate frequency range, 2 6 but, as in the cases of other 

unusual species, the lack of features corresponding to other motions of this 

molecule—for example, the C**C stretch or CH2 bends—rules it out 

The experiments with d2*l.l-DCE were conducted to aid ia identifying this 

product, and ia fact they prove illuminating. The 2542 cm*1 band produced 

upon shorter-wavelength photolysis, but not with 239 nm laser photolysis, is 

assigned to the deuterium-shifted 3212 cm*1 band, based both oa its 

frequency and oa its wavelength-dependent behavior like that of the 3212 

cm' 1 feature. The isotonic shift of 1.26 confirms that this feature is a CH/CD 

stretch, with some of the predicted V2 shift "missing" and presumably taken 

up by another vibration. The similarity of this shift to that of v- of 
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chloroacetylene—1.2S for both isolated and x-hydrogen-bonded species 1 4— 

suggests that this motion is a chloroacetylene CH stretch. Hypothesis of an 

additional chloroacetylene product must also account for the hydrogen 

chloride cage partner, consideration of which calls attention to the 2742 and 

1990 cm*1 bands with the same photolysis source dependence as the above 

bands. The v H / v D ratio for this pair is 1.31, exactly in accord with the HCl/DCl 

shift as discussed above. Although the abaorbaaca ratio of the 3212 and 2742 

cm* 1 features did not remain constant over time, as should be true if both 

belong to a single spacias, the underlying band at 2772 cm*1, quite strong 

and broad, aukes intensity measurement difficult for the HC1 stretch. In 

summary, the iaotopic data reveal the presence of a product that, like the x 

complex, incorporates both chloroacetyleac and hydrogen chloride, but is 

somehow different from the x complex. 

Viewed alongside the x complex, the vary large frequency change in the CH 

stretch (3309 vs. 3212 cm*1) and the saaallar but substantial rati shift of the 

HC1 vibration (2772 vs. 2742 cm*1) indicate that the interaction of the two 

submolecules in the new species is quite different, especially with raspact to 

the CH bond. This in turn auggteu a complex of the form denoted 

"o-hydrofea-bouded' below, in which the acctyieoic CH bond acta as acid 

and the chlorine mam of HO acta as baae. The hydrogen now shares in 

single electron warn the hydrogen bond ae well as the CH « bond, thus 

electron density in the CH bend is reduced and its vibrational frequency red-

shifted, while the chlorine donates electrons from its •> lone pairs, slightly 

lowering the strength of the HC1 bond. 
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CI 

I 
H 
i 
i 

H C - i » C CI 

x-H-bonded complex 

It is well kaowa that ia auajr moaaaubstkuisd acetylenes tat CH protoa is 

sufficieatly acidk to participate ia hydrogen bending.2 7 The postulated 

structure of this species is also cousimst with the lack of additional bauds 

correspoadtaf to the 3212 cat*1 feature, as oaly the CH sad HO bonds should 

be noticeably affected by this hydrofea bond. The other vibrations, 

esacadally those of the cMoroecetytoae submolecule. are expected to fall in 

the saate rcgioas as the rorreepondiag atotioas ia the * complex, aad ao 

doubt account for seaw of the spectral coatpkxity of these features. 

Ault aad coworkers have exteasivdy studied acctyienic hydrogen-bonded 

complexes ia argoa autrkes, 2 ' ' 2 9 * 3 * although not. to our knowledge, with a 

hydrogen halide base. The CH stretching frequencies for such complexes lie 

near 3200 cat*1, ia dw saaw frequency range as the observed absorption. As 

shown ia Table 4, ON frequency shift ia the CH stretehiag frequency also 

falls widria the range of shifts observed for similarly bonded species. Jeag 

tt ml. disease these shifts ia tenae of the prowa afflaity. PA. of the base aad 

conclude that the treads ia frequency shift "correlate well with the gas-

phase basicity of dw bases, as measured by proton affinities,"30 although 

other authors do not find that such correlation holds. 3 1 The HC1 complex 

does not fit into dris pattern, as the frequency shift is larger than would be 

predicted from the low proton affinity of HC1. Prior studies have observed 

C 1 - — H CammC CI 

o-H-boaded complex. 
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Table 4: Comparison of CH Stretch Frequency Shifu and Proton Affinities 
for 9 Complexes of Chloroacetylene with Various Bases 

Base vj , cm"1 * avi, cm*1 * PA. kcal/molD Reference 

(CH 3) 3N 31S7 13IC 225 30 

(CH3)2CO 3230 95 197 30 

(CH3)20 3222 103 192 30 

CH3CN 32S6 69 1S8 30 

HQ 3212 106* 135 this work 

•CH stretch of chloroacctyleae, complexed with base; 
Avi m v-(uncomplexed) • vi(coaiplexed). 

bproton affinity; from reference 39. 
c in Ar matrix. 
d in Xe matrix. No data availahk for uacompiexed C2HCI; Av estimated 
as 96 est' 1 shift from % complex, observed ia this work. + 10 cm*1 shift 
from uacomplexed C2HCI 10 « complex in Ar, reference 14. 
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only x-bonded complexes of hydrogen balides with acetylenes, both in 

matr ices 1 4 * 3 2 and in the gas phase. 3 3* 3 4 

However, other data on related complexes increase the chemical plausibility 

of the proposed second structure for HOC2HG. In a matrix, hydrogen 

cyanide. HCN, forms a complex 1 with HF in which the hydrogen halidc is 

the base. 3 9 

H N V . . . H — C— N F ~ «"*• M— C— H 
I II 

The predominant product of codeposttion of KCN and HF in Ar is complex I. 

while the amount of complex II increases upon warming, indicating that it ic 

the thermodynamically more stable structure, a fact predicted by ab initio 

calculations. 3*' 3 7 As with the acetylene-HX complexes, only the structure in 

which HF takes the acidic role (II) is observed in the gas phase.3* Johnson 

and Andrews also report "evidence for an analog to I" upon codeposition of 

HCt and HCN in Ar. Clearly the matrix environment can stabilize species 

which represent only very shallow minima on the potential surface and are 

thus not seen in higher-temperature studies. 

Furthermore, the electronic structure of the HF»HCN complex is quite similar 

to that of HCWHCCL While a chemist would expect HCN to be more acidic than 

HCCCI, proton affinities indicate that HQ (13S kcal/mol) is a better base than 

HF (117 kcal/mol).3* and in fact the acidities of HCN and HCCCI. as measured 

by electron affinities of CN and CCC1. are probably not very different. 

Although no literature value for EA of CCC1 was discovered, that for the 

related species CCF is about 80 kcal/mol (t 18). and for CCH the best values are 
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about 69 kcal/mol,40* compared with 85-8$ kcal/mol for CN. 4 0 Thus the sum 

(EAacid + PAba«). used to estimate the magnitude of the difference in AH for 

the proton transfer reactions and thus to indicate the strength of the acid-

base interaction, may be nearly identical for the two systems. The 

calculations in Appendix B of AH for the relevant proton transfer reactions, 

confirm this prediction quite well. 

Again, compared with the HF*HCN complex, the much greater polarizability 

of HC1 improves its ability to donate electron density to the hydrogen bond, 

since in HC1 the hydrogen-bonding orbitals are nonbonding 3p orbitals, 

more spatially extended from the nucleus than the 2» orbitals which are 

involved in the HF hydrogen bond. The relative magnitudes of the 

frequency shifts in the two complexes, HF*HCN and HG*HCCC1. suggest that 

this difference contributes significantly to the extent of bimolecular 

interaction: Both the HX and CH stanches ia the HOHCCC1 species 

experience larger red shins from the uucomplexed frequencies (HC1 3.9%; CH 

3.2%) than do their counterparts ia HF*HCN (HF l.«%; CH 1.0%). Johnson and 

Andrews observe splittiap ia the HCN bead which enable then to determine 

a nonlinear structure for I; very likely the HOHCCI complex is also beat, but 

ao attempt has beea made to distinguish such splittings « the 1.1-

dichloroetheue puotoproduct spectrum. 

The magnitude of the frequency shin, traditionally used as an indication of 

the strength of the hydrogen bond,4 1 would seem to indicate that the 

HC1*HCCCI hydrogen bond is quite strong, comparable to hydrogen bonds 

formed by rather stronger bases. Why should this be the case? One 

important difference to keep in mind is that the HG'HCCCl complex is formed 

photochemically rather than by codeposition. Not only might this give 
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access to a different portion of the potential energy surface, but it means 

that the matrix cage size is predetermined by the parent molecule, rather 

than by the two subnwlecules. Thus the cage may be artificially "tighter" 

than cages formed randomly when acid and base stick in neighboring matrix 

sites, especially compared to the bulkier organic bases used by Ault's group. 

The fact that this complex is only farmed in xenon may also be important, as 

the high polarizability of the matrix itself may help stabilize the complex. 

While these arguments are not entirely convincing ones for the apparent 

strength of the o>bouded HCl'CiHCI complex, perhaps more important is the 

possibility that they are not even relevant. Klemperei42 has recently noted 

that, upon examining the increasingly available experimental values for 

hydrogen bond strengths, the correlation between av and hydrogen bond 

strength pertains only incompletely. Recent matrix studies of the complexes 

of CO with HF conclude likewise that the frequency shift has little relation to 

the stability of the complex.43 The linear OC*HF isomer, just 0.3 kJ/moi lower 

in energy than the enter linear isomer. COHF. exhibits a shift of 130 cm' 1 

from the isolated hydrogen fluoride stretch, while the HF stretch of the latter 

shifts but 12 cm*1. This complex is another good example of the ability of 

matrix isolation to trap isomers not detected by other means: As many as four 

structures were obeorvsd in Ar matrix, while only the OC*HF structure has 

been determined by microwave spectroscopists.44*4' 

Whether it is more or less strongly hydrogen bonded, the o-bonded isosav<-

seems to be less thesssodynamically stable overall than the * complex, as 

witnessed by the temperature dependence study of dj-l.l-DCE. Figure 9 

shows a plot of peak heights versus temperature, and although broadening 

and aggregation cause all the bands listed to decline irreversibly in intensity 
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with temperature, the band for the a complex decreases faster than the 

others. This suggests that the HOHCCCl species is disappearing by a 

mechanism supplemental to those causing the apparent depletion of the 

parent molecule and x complex. The most obvious possibility is conversion to 

the other form, although with the overall broadening, no evidence for such 

isomerizatioa. or any other reaction, could be observed. 

Schriver and coworkers have found several base:HI systems which exist in 

matrices in both hydrogen-bonded and uncomplexed (but still cage-paired) 

forms. 4 ** 4 7 Infrared radiation is effective ia converting the complexed 

form C hMo the uacompiexed form U, while U can be back-reacted to make C 

by annealing the matrix. A particularly interesting example is that of the 

H20*HI complex, two distinct camalma1 forms of which are detected ia 

additioa to the uacompItxsd font. 4 7 Boil Ci sad C2 am converted to U by 

photoexcitatiea of either the HI or the OK atsetchiag mode, and annealing to 

20 K recovers bom, destroying U. However, a thenaal cyck to 30 K maults ia 

aa irreversible moesee of me Cj pepulatioa at the expease of Ci. The 

MMhors tufjist that me two fonas arise from two trapping sites, the more 

stsMe form C2 cent spending to a larger frequency shift ia the HI 

submolecule and ulterafbw, they oaactaac, a stseager hyerogoa bead. They 

do not propose structures lor me complexes, but certainly the amphoteric 

nature of H2O allows for the alteraete possibility of both a water-acid and 

water base complex. The sees infrared photolysis performed oa the 1.1-

DCE/Xc photoprodactt revealed no such iaewcoavsrsioa ia this system. This 

might indicate that the barrier to tntercoavsrsioa exceeds 5500 cm*1 (16 

kcal/atol), or it may simply aaeaa that the gwbar source was not sufficiently 

intense to cause detectable isomerizatioa oa the time Kale studied. 
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With chemical arguments to bolster the spectroscopic evidence, the identity 

of the o-hydrogen-bonded HOHCCC3 complex is established. Less obvious is 

the mechanism of formation of this new photoproduct. As will be discussed 

later, its appearance only in Xe matrix and only from the 1,1 starting 

material, in a specific energy regime, hints at an interesting dynamical 

origin. That this complex is observed only under matrix .conditions 

demonstrates once again the value of this technique, even in an age of 

snpersoaically cooled molecular beams and femtosecond pulses, for trapping 

and interrogating unstable or very weakly bound species. 
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DISCUSSION II: Photochemical Dynamics 

PhntnchemiMrv nf 1 1-rfichlnmathMie M 1AQ nm in Xr M m j , 

The photoreactioas of Kr-isolated 1,1-DCE upon 239 am irradiation, 

isomerization to cis- and trans-DCE and elimination of HC1 to give the *• 

hydrogen-bonded complex of hydrogen chloride and chioroacetylenc, are 

the same as those seen by Canland and Pimentel with broadband photolysis.2 

The role of free radical photochemistry is most apparent in the 1,1-DCE 

isomer, since, at Cartland and Pimentel pointed ont, the two iaomcriiation 

products must be formed throngh CC1 bond-breaking instead of simple 

rotation about the CC bond. This might occur via direct excitation of one of 

the dissociative surfaces underlying the dominant l(«.**) transition or after 

cnrve-crossing to one of these surfaces from the ,(«,«*) state. 4 9 

Rearrangement of the hot ••chlortvinyl radical to the 6-chloro radical prior 

to rcaddkion of me CI mom and miaxatkm * Id men give bam cis- and 

rrnwj-dichloroethene prodacts. while loss of a hydrogen atom provides a 

roate to the HCKjHa product. Chlorine atom readdiiion witaoat 

rearrangement simply gives the parent again. 

Excited-state elimination of HO is not energetically feasible, and ground 

state elimination is believed nalikety, as discnend in Chapter I. 

Interestingly, ahhongh for 1.1-DCE chlorine elimination on a singlet snrface 

is energetically allowed via the C ^ C C I ^ . state, it does not occur. Pigme 10 

shows >je energy relationships and reaction channels for the 1.1-DCE/Kr 

system with 239 nm photolysis. Energies for the virions species are derived 

and fully referenced in Appendix A and arc relative to the gronad state of 

t.l-DCE. 
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pfr*nrh»™i«tTV ftf 1 1.Hichl<Mntti»n» y y^O nm in Y« M^ffr 

Upon 239 nm excitation, the xenon matrix photochemistry of 1,1-

dichloroethene and iu deuterated counterpart is analogous to the 

photochemistry of the 1,2-dichloroetbenes in xenon, already discussed. The 

energy level diagram in Figure 11 illustrates the excited-state processes 

which lead to the observed reaction products. The formation of Cl2*C2H2 in 

Xe but not in Kr shows that, as in the cases of cis- and rranj-1,2-

dichloroethene in xenon, chlorine is eliminated on a triplet state reaction 

surface made accessible by the enhanced spin-orbit coupling of the heavy-

atom xenon matrix. Molecular elimination of HC1 can occur on the triplet 

surface as well, through the HCl^fHCCl]* sum. Again, the presence of the 

two 1.2 isomers indicates the importance of free radical chemistry for this 

molecule, as hydrogen abstraction w form HC1«C2HCI competes with 

chlorovinyl rearrangement and CI re addition to give the 1.2 isomers. The 

more ixteneive reaction in Xe (31% parent depletion in Xe at 3.1 mWh. 1% 

minimum m Kr) may be due to the opening of new reaction channels in Xe. a 

higher absorption coefficient in Xe at 239 am at evidenced by the red-shifted 

absorption spectrum of 1,1-DCE, or both factors. 

While the 239 nm photochemistry of l.l-DCE/Xe is important additional 

evidence of matrix enhancement of intersystem crossing, its photochemistry 

at shorter excitation wavelengths is rather more interesting. The 

isomerixation and x-HCl elimination products arc formed as described above, 

with the additional availability of the HO'lCjHCir channel at the higher 

energy. However, the formation of a second, distinct HC1»C2HCI species from 
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Figure 11: Energy Level Diagram for 1,1 -DCE/Xe at X - 239 nm 
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1,1-DCE implies access to a new pathway, one not available to the other 

isomers. 

Certainly the wavelength dependence of the formation of this species and iu 

appearance in xenon but not in krypton are two salient facts which must be 

considered crucial In interpreting the results. Perhaps in this instance, 

cage size is the important factor in determining the photoproducts, rather 

than the ability of aenon to enhance intersystem crossing to a triplet 

surface. A largtr cage site should reduce geometric barriers to formation of 

the most thermodynamically stable complex, as seen by the structural 

change la Cl2*C2H2 ia Kr and Xe, but here a xenon environment permits 

formation of a lees stable species. This explanation, too, does not account for 

the energy dependence. That and the uniqueness of this product to the 1,1-

dichloroetheae precursor point toward aa intermediate or product state as 

yet left out of our survey, while the matrix dependence suggests that we 

should not forget the possible role of triplet surfaces. 

Secondary reactions of any of the familiar pfaotoproducts (cw-DCE, traw-DCE. 

K-HCI«C2HC1, Cl2*C2H2) can be ruled out from the previous studies. Thus 

systematic evaluation of the various possible primary reaction channels 

should not be overly difficult—after all, the system has only six atoms—and 

will hopefully lead to aa explanation of the reaction dynamics that is 

consistent with the experimental findings. Frequent reference should be 

made to the energy level diagram for 31 > 200 nm photolysis in Figure 12. For 

clarity, some non-participating states that can be seen in previous diagrams 

have been left out of this figure. 
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The simplest pathway for HCl production is the molecular elimination 

channel. Since the various DCE isomers are structurally inequivalent both 

in the ground and excited states, differing geometries of elimination might 

account for the differing product geometries. But in 1,1-DCE. only a.p 

elimination of HCl is possible, whereas both a.ct and a,6 elimination can, and 

do. occur from either 1,2 isomer.4' Thus if molecular elimination geometries 

were responsible for the product differences observed, the two varieties of 

HCl product would be observed in the 1,2-DCE reactions and only one for 1,1-

DCE decomposition—exactly opposite to the results. Like Berry and 

Pimentel, 4* we conclude that the relative amounts of o.a and a,8 elimination 

cannot solely account for the differences reported here. Furthermore, since 

the eliminations arc occuring through nonplanar excited states, 

considerations of sy* sad tnti stereospecificity are no longer helpful. 

Another molecular elimination channel, while not directly yielding 

chloroacetylene and HCl, is of possible consequence. Molecular chlorine 

elimination occurs, as seen, at 239 mm, and can be explained by the presence 

of a 3(Cl2]**C2H2 state lying below the available photon energy. Secondary 

photolysis of the ground-state product is facile, as demonstrated by the 

difficulty in detecting Ct2*C2H2 efter X > 200 nm irradiation of eis- and trans* 

dichloroethene in Xe. But for 1,1-DCE, molecular chlorine elimination can 

also occur through another triplet state, a G2 , 3[CCH2l" state theoretically 

predicted to lie at 135 kcal/mol.50 well above the photon energy used with 

the laser, but below the air cutoff which limits broadband photolysis with 

the Hg-Xe arc. This triplet state of vinylidene is predicted to be rather stable, 

as the barrier to rearrangement to HCCH on the triplet surface is quite high, 

about 55 kcal/mol.5 * Thus, in theory, photolysis at X > 200 nm could produce 
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metastable G2 , 3 CCH2 pairs, which, like Cl2«HCCH, would undergo secondary 

photolysis to form HC1*C2HC1. By virtue of a different starting geometry, 

such a procedure might afford a distinct secondary product, at least in the 

restricted arena of the matrix cage. 3 2 

In practice, however, this scheme is subject to several limitations. First of 

all, growth kinetics of the o-HG*HCCCl product show no sign of the inrLc'on 

period characteristic of a secondary photoproduct (figure J/. Nor w«s «».y 

evidence of a stable vinylidene intermediate detected: With the low photon 

intensities employed, if Cli«3CCH2 lasts long enough to absorb a second 

photon, it might live long enough to appear in the 1R spectrum. In fact, the 

use of Xe as host creates a dynamical Catch-22, as the very property of Xe 

which is necessary to access the 3CCH2 potential surface, iu enhancement of 

intersystem crossing rales, will also hasten Ti-»So relaxation to the singlet 

surface, where CCH2 will rapidly 5 0 0 rearrangr to acetylene. Furthermore, a 

second photon striking the complex may be just as likely to isosaerize the 

vinylidene as to excite the chlorine, again resulting in the ground state 

product Cl2*HCCH instead of the novel HC1«C2HCI isomer. As a final blow to 

this hypothesis, recent photoclectroa measurements53 provide a singlet-

surface isomerization energy, 44 kcal/mol, and vinylidene singlet-triplet 

splitting, 4S kcal/awl, which readjust the energy total of the Cl2»3[CCH2]* 

state to 143 kcal/mol, at the energy limit of the laboratory photolysis sources. 

Nonetheless, the possibility of trapping 3 CCHj in a matrix via triplet-surface 

photochemistry of l.l-dichloroethene remains intriguing, although a 

narrow-band VUV photolysis source and perhaps a more rapid detection 

scheme than steady-state FTIR spectroscopy would be required to perform 

the experiment. 
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Another possible explanation for the two HOC2HCI products lies in the free 

radical route for HCl elimination, outlined in the discussion of 1,1-DCE/Kr 

photochemistry. The chlorovinyl radicals formed by CI dissociation from the 

three DCE isomers are dissimilar Chlorine atom detachment from 1,1-DCE 

fives an a-chlorovinyl radical, H2C«CCl, whereas the same process in cis- and 

trans- 1,2-DCE fives a (J-chloro species, HC1C-CH.34 In order to form the cis-

and trans-DCE products from the 1,1 parent, mifration of a hydrofen atom 

must occur prior to G atom readdition. That significant amounts of these two 

products are obKrved shows that this migration dots occur on a time scale 

competitive with or faster than other processes such as H abstraction to form 

HCWC2HG; in other words, both o- and 0-chlorovinyl are formed, however 

briefly, by 1,1-DCE photolysis. However, 1,1-dichtorethene is not a 

photoproduct of either 1,2-DCE isomer in these experiments, implying that H 

migration in the reverse direction, to form o-chlorovinyl from the initial |J-

chlorovinyi, does nor occur more rapidly than other deactivation processes. 

This is not simply because no chlorovinyl radicals are formed, because, as 

discussed in Chapter I, HOC2HG production from 1,2-DCE with 239 nm 

irradiation must proceed through chlorine atom loss and subsequent 

hydrogen abstraction. Thus the P-cblorovinyl radical cannot be responsible 

for the novel photoproduct. as it is an intermediate in both 1,1- and 1.2-

dichloroethene photoreactions. 

The a-chlorovinyl radical, initially formed from 1,1-DCE but evidently not 

formed from 1,2-DCE, must then be examined as potential source of the 

difference. Loss of a hydrogen atom from H2C«CC1 before rearrangement 

leaves bent HCCCI, just as does toss of the p hydrogen from HC1C*CH. With 

these seemingly identical precursors, it seems unlikely that two structurally 
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distinct HC1»C2HG forms could be engendered, especially since both 

fragments are formed in the matrix cage with a significant amount of excess 

energy between them, presumably enough to overcome any geometry-

related barriers. Most importantly, if either ground-state chlorovinyl 

structure were the precursor to the new HCI isomer, broadband photolysis of 

1,1-DCE should give this product regardless of matrix. Since the second 

isomer, was not observed in Kr,2 ground-state chlorovinyl radicals are ruled 

out as sources of the geometric change in the product. 

Since these molecules contain chlorine, the special interactions of Xe with CI 

must be considered for possible influence on the photochemical dynamics. 

The charge-transfer excimer XeCI*. well known for its laser emission, is 

strongly bound and a possible reaction product. The energy required to form 

this species is solid Xe. some 90 kcal/mol.33>3* added to the energy of 

[CI + C2H2CI], puu this species out of reach with the photolysis sources in 

use. Likewise, the bouad excited states of Xe2CI* aad XenCl* are too high in 

energy to come iato play here.9* la the ground state, such XegG species are 

still bouad, but rather weakly compared to the excited states. 9 7 Thus, free 

chlorine atoms may be longer-lived ia Xe than in other matrices but are not 

so strongly bouad to Xe as to inhibit their participation ia other reaction 

channels. la summary, xeaoa-chnriae chemistry is not believed to play a 

major role ia dkhloroetheae paotoreactioas at the photolysis energies 

studied. 

While ground-state chlorovinyl radicals do not seem to be the source of the 

dual HCI elimination producu, the dissociative excited states involved in their 

production may well be involved. Asymmetry on the red edge of the 

absorption band. 4' pre-resoaaaee Raman effects,5* and photoelectron 



91 

spectra 5 9» 6 0«*l ^n among the evidence for ^n.c*) and l(n,x*) states 

underlying the strong J {*,*•) transition in the chloroethenes, but little is in 

fact known about their energies and oscillator strengths. Calculations agree 

on the vertical ordering of the lowest singlet transitions: (x,c*), (x.x*), 

(n,«*);* 2 '* 3 but the numbers differ, and crossing points and potential 

surface contours an left to the imagination. Kato tt «/. predict both (it,a*) 

and (n,e?+) transitions to lit at soaaewhat higher energies for 1,1-DCE than 

for the 1,2 isomers,42 while Umemoto and coworkers find that 1,1-DCE hu the 

lowest-energy l (n,o*) state of tbt three.*3 No energy estimates arc available 

for the l (o.x*) state. 

Experimental information about the low-lying triplet states is even scantier 

than for the singlets; only the 3(*.**) state has been located in ion and 

electron impact measurements.*4-*5 SCF calculations*2 place 3(x,o*) and 
3 (n,o*) transitions about 10 kcal/mol below the associated singlets, and. 

again, no estimates are available for the 3(n,x*) stale. All estimates are. 

however, in an appropriate energy range for present considerations. 

Although these states are not well characterised, they do participate in the 

photochemical dynamics of the chloroethenes. Ausubel and Wijnen have 

suggested the involvement of two excited states in 1,1-DCE decomposition at \ 

> 200 nm,** and Warren tt at. point to (n,e»*) states as possible players in the 

inter-isomer changes observed in their matrix studies.*7 Details of the gas-

phase photofragmcntatioa results contain evidence for two distinct excited-

state Q dissociation channels in some species.*3 Time-of-flight spectra of 

vinyl chloride and cii-l,2-dichloroethcne contain only single peaks for both 

HC1 and G product channels, whereas for rr««-l,2- and 1,1-dichloroethene, 

the CI atom TOP spectrum has an additional low-energy component. The 



authors postulate internal conversion from the (*,**) state to a low-lying 

(n.o*) state as the Cl-producing pathway common to all four molecules, much 

as suggested before. They attribute the low-energy component to 

dissociation from another (n.o*) state not directly coupled to the (x.x*) state, 

with a '(x.o*) state serving as intermediate to the dissociative state and the 

initial !(*,«*) state. This deactivation pathway does not, however, suitably 

explain the matrix data, since ia the beam work both trans-DCE and 1.1-DCE 

show evidence of a second G-atom channel. Moreover, the reaction they 

postulate proceeds solely through singlet excited states, so in a matrix it will 

be open ia Kr and Xe alike. Siace the o-bonded HCI isomer is manifested only 

ia Xe, iu origia must not be ideatkal to the route they suggest. However, the 

beam study does indicate the importance of other DCB excited states besides 

the predominant l (*,**) state. 

The similarity of this system to the HTC2H2 system studied ia detail by 

Abrash aad Pimeatel should not go unheeded. Photolysis of 1I*C2D2 and 

DI*C2H2 pairs gave, ia addition to vinyl iodide aad isotopkally scrambled 

acetylene-HI, very selective production of DCCI aad HCCI, such that the 

hydrogen iodide H(D) atom always eaded up ia the molecular hydrogen 

product. 3 2 la addition, the reaction product distributioa was strongly 

wavelength-dependent. 4 1 Siace we are starting from little-known 

dichloroetbeae excited states aad do not have a well-defiaed reaction 

coordinate like the HI dissociation ia the HI«C2H2 studies,6* aad have also 

added a second large (CI) atom to the system, increasing both the number and 

complexity of product aad reactaat states, we are unable 10 derive such an 

elegant correlation diagram for C2H2CI2 *» do Abrash aad Pimeatel for the 

C2H3I system. Nonetheless their general approach aad certain of their 
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conclusions, as well as some of the particular excited states invoked, apply 

here too. They find that a Franck-Condon bias—better matching of ground 

and excited state geometries along the reaction coordinate—strongly favors 

one excited electronic surface over another at long wavelength, and much 

less strongly at shorter wavelength, although both potential surfaces are 

energetically accessible at either wavelength. Because these dissociative 

surfaces correlate to different [I + C2H3] states, different "continued cage 

chemistry" from the reactive iodine atom-vinyl radical cage pair follows. 

In the DCB system, different states of the chlorovlnyl-chlorine atom pair are 

also likely to be energetically within reach. Using the A state of vinyl 

radical (46 kcal/mol) at a model,6' the first excited state of chlorovinyl lies at 

about 128 kcal/mol. This falls quite satisfactorily into the very energy range 

of interest for e>-HCl*C2HQ production, above the 239 nm laser photolysis 

energy but accessible with the HgOCe lamp. For vinyl, the A state is 

characterized as a "x radical" and the ground state as a "a radical,"70 which 

may be expected to have different chemistries. If the analogy continues to 

hold, different reactions may likewise be anticipated from the ground and 

excited states of chlorovinyl. 

Furthermore, Abrash and Kmeatcl suggest that the excited vinyl radical 

{e.g. HC-CDH) rearranges 10 the specific product isomer (HD*DCCI) via a.ct 

elimination followed by recombination of C2D with I "at leisure." An 

analogous process for the DCE case would be elimination of HO to give C2H, 

which then recombines with the CI cage partner. Although AHr(C2H) is a 

subject of controversy in the literature,71 the exothermicily associated with 

HC1 formation lowers the reaction enthalpy of HCl elimination from 

chlorovinyl, relative to AH of H2 elimination from vinyl. Using the most 
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recent value for Do(HCC-H).'2.73 the state [CI + CCH + HC1] is energetically 

accessible (13S kcal/nol) for the C2H2CI2 system at X > 200 nm, whereas for 

the C2H3I system the energetics of the analogous channel were problematic. 

However, the formation at X > 224 nm, and in one experiment with 239 nm 

light, of a small amount of the ©-•bonded product argues against this 

mechanism. Perhaps, instead, this result indicates that an unfavorable 

Franck-Condon factor, rather than a true thermochemical barrier, inhibits 

the reaction at the longer wavelength. This would Imply that the threshold 

for the relevant photoactive DCB state is near 120 kcal/raol and, additionally, 

would require that the excited state of chlorovinyl be a few kcal/mol lower 

in energy than estimated—not an unreasonable result, recalling that the 

estimate is based on excited vinyl. Further information about this 

mechanism might be obtained from a study of di-l.l-DCE, unfortunately a 

very demanding experiment from a synthetic vantage, or from a more 

thorough scan of photolysis wavelength from 239 to 200 am to obtain the 

reaction excitation spectrum. 

Now that it is clear that the excited chlorovinyl channel satisifies the energy 

constraints linked with the production of the 0-HCl elimination product, why 

is this product specific •> l.MKE/Xe? The Xe matrix dependence suggests 

that the (CI + C2H2CI*] state correlates with a molecular triplet state, 

presumably one of the «* states discussed above rather than a ** state. The 

unique formation of the product from 1,1-DCE may stem from excited-state 

properties of either the molecule or of the radical. The energy, extinction 

coefficient, or Franck-Condon profile of the 1,1-DCE triplet surface in 

question may simply be more favorable than for the equivalent state(s) of 

the 1.2-DCEs. Or, the reaction mechanism may require formation of an 
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excited a-chlorovinyl radical. Without knowledge of the full correlation 

diagram, it is impossible to do more than guess, but the empirical 

observations make i> plain that these or other premises are influential. 

In summary, it is proposed that the second, o-bonded, HOC2HCI isomer is 

formed at X > 200 am via an electronically excited chloroviayl radical, 

(CI + C2H2CI*], after CI dissociation from a molecular triplet state. 

Decomposition of excited chlorovinyl might proceed through HCl elimination 

and subsequent cage rsaddition of CI to CjH. The product is formed only in Xe 

matrix because the enhanced spln-orblt coupling in the heavy-atom matrix 

is necessary to gain access to the triplet reaction surface. 

P»uv,yh»ml.t,v rf 1.1 .didi l f t tBl l *— U l w t w W « w 1 — l i l t 

It should be recalled from the earlier chapter that for the 1,2-

dichloroethenes, photoisoaerization occurred in Xe but not it. Kr at energies 

below the singlet absorption threshold. This was taken as definitive 

evidence that X* enhance* access to a triplet reaction surface, since only 

direct excitation of the twisted 3(*,**) state and relaxation into either els or 

tr*ns potential wells could effect such a change. Furthermore, 266 nm 

irradiation induced both isonterisatiou and chlorine elimination, providing 

further confirmation of triplet-surface reaction and a guide to the energy 

placement of the 3lCl2l*«C2H2 state. In contrast, prolonged exposure of 1,1-

DCE/Xe to light of wavelengths above 300 nm causes no photochemical 

changes. This is precisely as expected: The 3(x,n*) state of 1,1-DCE surely hu 

the same, ethylenic, aonplanar geometry a* do the 1,2-DCE (*,x*) states, but 

rotation 90* in either direction gives equivalent configurations, so no net 

photochemical change occurs. 



96 

The accidental introduction of an oxygen-bearing impurity into one sample 

furnishes a hint, however, that the 1,1 isomer is not completely inert at the 

lower photolysis energies. Observation of what appears to be chlorine-

oxygen chemistry has as a prerequisite the production of chlorine atoms, a 

process that is energetically allowed at this wavelength and that might well 

occur through a low-lying (n,o*) SUM. By analogy with the longer-

wavelength photochemistry of the 1,2-DCEs, this may wall be a triplet state, 

but the equivalent experiment should be performed in Kr to state this with 

more certainty. 

BjaocJiiflg Ritifll 

As nocid in the results section, the sum of the photoproduct yields does not 

account for all of the photolytically depleted suiting material ia both Kr and 

Xe samples. Certainly this fact cam some doubt oa the accuracy of the 

calculated yields. However, the information derived is not without value. 

Some of the appareat loss of parent is probably real, as the errors are of the 

same sign and of similar magnitude is both cases (40% ia Xe. *25% in Kr), 

and such losses have been observed before 3 Diffusion out of the region of 

the matrix sampled by the IK beam, or orientation of the sample by the 

polarized laser beam, may occur during photolysis. Whatever the 

mechanism for the loss, assuming it shows no selectivity with regard to 

photcproduct, the rtUttht yields should be accurate: £2:1 cis:tr*ns and 1:1 

cfe/HCl ia Kr. Similarly, ia Xe. the braacbiag is 1:2:1:3 cij/frew/HCl/Ct2. As 

with the 1,2-DCEs, dm new photoprocess ia Xe, CI2 elimination, becomes the 

predominant one. 
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Moreover, the ratio of elimination yields, CI2/HCI, is highest for the 1,1 

isomer, nearly 5:1. compared with less than 3:1 for the cis isomer and 

scarcely 1:1 lor the trans isomer. This is consistent with the suggestion in 

the first chapter that HC1 is priwipally a.a-eliminated: When, as for 1,1-DCE, 

the 0.0 elimination does not produce HCl, the extent of HCI elimination is 

decreased. Or, it may be that the a,a channel is still geometrically favored, 

but now instead of HO, chlorine is the product. Also consistent with this 

interpretation is the observation that the frequencies of the x-HCl*C2HCl 

photoproducts from eis- and trans-DCE, which can undergo, either a,a or a,P 

elimination, are identical, while the it-complex photoproduct frequencies 

from 1,1-DCE, with only the a,0 route available, are somewhat different It is 

not difficult 10 imagine that the two processes could result in different 

arrangements of the complex within the cage, giving different complex-

cage interactions, and the spectroscopic information thus serving as a 

record of the elimination mechanism. Although the apparent change in 

branching to eis and trans isomers between Kr and Xe is interesting, in view 

of the uncertainty of these numbers, no conclusions about these yields will 

be drawn here. The possibility of isomerixatioe via back-reaction of 

HCI'CiHCt pairs further complicates interpretation of these ratios. 

B̂ QjQghmgbgQt of Qhjx a U r a t a 
As in solid Kr, trtchloroethene undergoes only HCI elimination m Xe. 

although triplet CI2 alimination might be expected from this species too, as 

did occur with Hg photosensitixation.3'11 Perhaps HCI elimination proceeds 

so rapidly that chlorine elimination does not compete efficiently, or perhaps 

CI2 elimination requires the chemical mediation of excited Hg. 
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For 2-chloro-l.l-diflooroethciK, the lack of reaction with 2S4 nm photolysis 

is consistent with the result of Hg-sensitization of CDFE in Kr. in which the 

only product was the mercury insertion product.1 No triplet elimination 

channels are accessible at this excitation energy, and no Hg is present. In 

the X > 200 am experiment, bimolecular photdreaction prevented observation 

of possible direct triplet photochemistry at the higher photon energies. 
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CONCLUSIONS 

The photochemistry of 1,1-dichloroethene has been studied in both krypton 

and xenon matrices at a variety of wavelengths. Recognizable isomerization 

and elimination products result from 239 nm photolysis, and changes in the 

reaction product distribution in Xe are attributed to triplet surface chemistry 

brought about by. heavy-atom enhancement of intersystem crossing from 

the directly excited singlet state to a triplet surface. This finding supports 

conclusions from earlier work comparing direct and Hg ( 3P)-sensitized 

photochemistry of the dichloraetbenes and expands the xenon matrix studies 

of l,2-dichk>roethenes discussed in the first chapter. 

Upon short-wavelength photolysis of 1,1-DCE/Xe, a new reaction product is 

obwrved that is wavelength-, matrix- and isomer-dependent. With the aid of 

isotopic substitution, this product is identified as a second isomer of 

HCI»C2HC1, "©-hydrogen-bonded" with the acetylenic H interacting with the 

CI end of HC1. In delecting the new complex, distinct from the x complex 

obwrved in previous matrix and gas-phaw work, the combined menu of 

photochemical preparation of the novel complex and matrix isolation for 

trapping it are displayed to advantage. The formation of this unique species 

is believed to proceed via CI dissociation from a triplet state, giving an excited 

chlorovinyl radical which subsequently cage-reacts to give the a HC1 

complex. Again, a simple but deliberate change of matrix gas effects a 

dramatic change in the photochemical product distribution and reaction 

dynamics, exemplifying the potential of the method for reaction selectivity 

and control. 
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Additionally, these findings provide an opportunity to reconsider the 

photochemical role and behavior of excited-state complexes. Abrash and 

Pimentel, in examining the effect of geometry on photochemistry, take 

advantage of the fixed geometry and proximity of their starting materials 

and thus define the "iupramolecule."52<M Other workers call these ^ 

"precursor geometry-limited" reactions, 7 4 ' 7 5 - 7 ** 7 7 but the concept is quite 

similar: The starting geometry of the reactants determines the 

photochemistry. Here, the lupramolecule is the product, and instead of the 

initial complex geometry defining the excited-state processes, the excited 

state defines the final complex geometry. Thus it would seem that excited-

surface processes characteristic not just of the two molecular constituents 

but of the bound excited-state complex can exert control throughout the 

reaction. This demonstrates microscopic reversibility in the "precursor 

geometry-limited" case: If reactaat geometry leads to product-selective 

photochemistry, here product geometry indicates a prior photochemical 

selectivity. To anthropomorphize, the constituent species of the 

supramolecule not only know where they arc going, but remember where 

they came from too. 

Although the details of the route from the initial excited state to the final 

state are unclear, as is even the identity of the initial state responsible for 

the new photoprocess reported here, it is evident from the simultaneous 

production of two different HG product structures that the excited-state 

reactions are quite specific: The photochemistries of these molecules depend 

in a highly detailed manner on the electronically excited reaction surface. 

The characteristics of the excited electronic surface—energy, geometry, 

multiplicity—may be quite distinct from those of the ground state surface, 
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and all of these can influence the photochemistry. Understanding the 

photochemistry requires consideration of all possible reactant and product 

states, a difficult task even for a six-atom system, but such detailed 

examination leads to general conclusions about the nature of the excited-

state reaction process and the factors that influence it, as well as to 

information about the particular reaction surfaces involved. 
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INTRODUCTION 

Metal atom photosensttizatiou is one of the more venerable techniques 

known to photochemists. Since the 1920's,1 metal atoms, especially the group 

12 metals Hg, Cd, and Zn, have been used for collisions transfer of electronic 

energy to other molecules which do not absorb or absorb only weakly in the 

spectral region of Interest, resulting in a voluminous literature covering a 

wide variety of organic substrates.2*3*4 Traditionally this process is 

described as spiu«conserved quenching and Includes the processes 

represented by the equations below, using the example of Hg 0?\)i 

Hg3Pi + Q-»Hg 3Po + Qt (1) quenching to metastable Hg 3 Po 

-*HgtSo + 3 Q* (2) electronic energy transfer 

-» Hg 1So + Fi • Ft (3) direct dissociation of quencher 

-* HgF| + Pi (4) dissociation with compound formation 

In the case of chemical reaction, fragments Ft and Fj, or F2 and compound 

HgFi, must conserve spin as well, forming two doublet stttes or a singlet plus 

a triplet. 

Although process (4) implicitly recognizes the possibility of chemical 

reactivity of the excited mercury, little concrete evidence for or serious 

discussion of this channel is seen in the literature through this early period. 

A typical example of the formal distinction made by these early workers 

between photoeensitiution, referring more strictly to the energy transfer 

process (2), and chemical reaction such as in (4), is seen in a statement from 

the 1964 review by Cvetanovk: "The related processes in which the strongly 

absorbing substance interacts chemically or forms chemically reactive 
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intermediates by bonding or comptaring with the non-absorbing molecules 

cannot always be distinguished with certainty from timple physical transfer 

of energy in collisions and are as a rale also consifered within the 

framework of photosensitization."3 

. .However, a recent, two-pronged resurgence of interest in this field has 

reopened the discussion. On the synthetic side, Crabtree and others have 

rediscovered the utility of Hg photoaensiiixatioa on a preparative scale. 5' 6* 7- 4 

The technique has also proven useful » studies of free radicals, as in the Hg 

( 3 P) pnotosensitiiation of ammonia to form NK2, which it then studied in a 

supersonic jit using laser-induced fluorescense.' Beraath and coworkers 

have found that excitation of Ca and Sr to triplet states enhances reactivity 

with a variety of organic specr . making this an efficient means of 

producing inorganic free radicals for laser spectroscopic s t u d y . 1 0 ' 1 1 - 1 2 la 

addition to these examples, direct evidence for the participation of excited-

state complexes in photoscusitizatioa is provided by detection of emission 

from exciplexes of Cd with a number of organic molecules, including 

ammonia 1 3 and other amines. 1 4 ' 1 5 water, alcohols and ethers. 1 6 

From a more physical point of view, growing iateresi in i "state-to-state" 

picture of energy transfer and chemical reaction dynamics has redirected 

attention to metal atom photosensitizaUon. The quenching of electronically 

excited metal n«ons by small molecules is an attractive system for such 

studies, as both experimental and theoretical approaches are feasible. Even 

traditional "slow" flash kinetic spectroscopic techniques can provide useful 

information. For example, from their findings of differing isotopk 

specificity for quenching of excited Cd or Zn 0?\) and ( 3 Pi) with H2. HD and 

D2. Breckenridge and Renlund were aMe to derive information about 
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barriers, surface crossings, charge-transfer interactions, and the extent of 
involvement of chemical interaction surfaces, such as metal hydride 
surfaces of the type H*M-H.">" 

However, new physical techniques, particularly the ability to resolve 
vibrational and rotational state distributions, have brought about more 
dramatic advances in the understanding of these reactions. Electronic-to-
vibrational energy transfer has been studied by detecting state-resolved 
products of collisions of Hg ( 3 Pi ) with n a i l molecules. 1 *- 2 0 ' 1 1 Excited group 
2 metal atoms, Ca (»P,)«.23.24 „ * S r (lp l ) t23 M well at Hg < 3 P|), 2 « have 
boas Mod in studies of the effect of orbital alignment on reactivity and 
energy partitioning. Later spectroscopy of van der Waals complexes of metal 
atoms with rare gases yields information about the van der Waals potential 
energy surfaces, which can he useful in understanding quenching and 
reaction dynamics. 2** 2 7 Van dor Waals complexes are also crucial in the so-
called "half-collision" studies, in which a cold complex of the reagent 
molecules, with a well-defined geometry, is prepared in a supersonic jet and 
excited with a laser to initiate reaction. 2 4 ' 2 *' 2 *- 3 0 These studies allow precise 
control of the entrance channel conditions, so that detection of the final 
states permits a high degree of state-to-state correlation, and measurements 
on the excited complex may provide information on reaction transition 
states. 

Although the group 12 metals are MO large for theoretical treatment, the 
group 2 metals are amenable to no Mite methods. The reaction of hydrogen 
with excited Mg has been theoretically modeled for both l P i and 3 P j states 
and serves as a prototype of these reactions. 3 1* 3 2 Similar calculations on HF 
+ Mg on So. Si and Ti surfaces predict different reactivity on the different 
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surfaces. 3 3 Even polyatomic molecu??* are now tractable, enabling the study 

of such chemically interesting topics as metal-ethylene exciplexes3 4 and 

metal-mediated acetylene-vinylidene rearrangement.33 » 3 6 

Several recent examples of Hg-sensitized chemistry in a cryogenic matrix 

hate also brought into question the distinction between energy transfer and 

chemical reactivity as aspects of photosensitization. In studies of the 

reactions of Hg ( 3 Pi) with various haloethenes, Cartland and Pimemel found 

that Hg reacted with the substrate, inserting into CO or CBr bonds. 3 7 ' 3 *- 3 9 ' 4 " 

They conclude that chemical reactivity of the excited metal atom is clearly 

important, and, furthermore, that reaction in the matrix is constrained to the 

reaction surface of the initial excited state, singlet or triplet. Numerous 

other works report photoreaction of metal atoms with small molecules.41 but, 

with a few exceptions, 4 2* 4 3 the majority of these have a synthetic 

orientation and do not evaluate the excited-state chemistry. Thus there is 

both need and ample opportunity for further physical investigation of the 

primary photoprocesses and dynamics of these reactions in a matrix. 

Remaining in question, then, is the issue of whether chemical reaction 

competes with spin-conserved energy transfer, or whether the mercury-

containing species is an intermediate in the energy transfer process, 

trapped in the matrix. The xenon-matrix studies addressed the problem of 

spin-conserving reaction pathways separately from the issue of reactivity, 

and as shown in Chapters I and II, confirmed the finding that intersystem 

crossing in these molecules is not facile in the absence of a spin-orbit 

perturbation. Thus this chapter returns to the topic of metal atom reactivity, 

with the intention to further examine the primary processes) in 

pkMosensitizatiou with the other group 12 metals. Cd and Za. Because of the 
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traditional emphasis on energy transfer, the term "photosensitization" will 

be avoided in this work when possible, in favor of the term "excited-state 

chemistry," and will otherwise be used with full cognizance of the chemical 

as well as energetic aspects of the process. 

Several reasons contribute to the selection of Cd and Zn for the continuation 

of then studies. Cadmium sad zinc are in the same group as mercury, and 

thus have similarly unreactlve, closed-shell ground states (ns 2) but reactive 

lowest excited states (nj^nj 1). However, the spin-orbit coupling factors vary 

significantly, so ease of singlet-triplet energy transfer increases through 

the series Zn, Cd. Hg. Thus a comparison of the photoreactkws of these 

species should give an indication of the relative importance of spin-

conserved energy transfer arid chemical reactivity in the reaction 

dynamics. Aa additional advantage of cadmium and zinc is the presence of 

both singlet and triplet excited states with energies below the air cutoff, 

making the study of both singlet' and triplet-sensitized reactions 

experimentally feasible, as is not convenient with mercury. 

Nonvolatile Cd and Za are less readily deposited into a matrix than Hg, so a 

two-chamber Knudsen oven with several novel features was designed and 

constructed, enabling controlled quantities of metal atoms to be codeposited 

with the reactant species and matrix gas. This chapter describes that 

apparatus and the UV spectroscopic studies conducted to characterize the 

Knudsen cell, including the observation of some matrix effects oa atomic 

absorption spectra. In addition, results of attempted photosensitized 

reactions of several small organic molecules with Cd are reported and 

discussed. 
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EXPERIMENTAL SECTION 

Knudiea celt 

Cadmium was introduced into matrix samples using a Knudsen cell, shown in 

Figure 1. The cell consisted of two independently heated ovens: The 

temperature of the metal-filled rear oven determined the rate of deposition, 

according to the Kaudsen equation,44 and the second oven was superheated 

in order to dissociate tha weak (2 kcal/mol) bond of Cd2 4 S and thereby 

increase tha ratio of atomic to diatomic metal species deposited.4* > 4 7 Tha cell 

was fabricated of Invar for its low coefficient of thermal expansion aad of 

demountable pieces for ease of cleaning and filling. The two ovens were 

separated with a ceramic "MaCor" (Coming) «er, to slow heat transfer and 

maximize the thermal gradient between the two ovens, and tha assembled 

cell was held together with two Invar bolts. Tha channel between the two 

chambers was of relatively large bore, so that tha pressure in the two 

chambers was equal and molecular effusion was impeded only by the 1 mm 

effusion orifice.4* Each oven was provided with a heater, made of 1 mm 

inconcl-sheathed "Tbcrmocoax" heater cable (Amperex Electronic 

Corporation) tightly coiled and erased onto the oven surface, and with a type 

K thermocouple, made of matched, 0.10", chrome! and alumel wires (Omega) 

and cemented into the drilled thermocouple wells with Omega "CC" high-

temperature cement. Temperatures were measured near the ceramic spacer 

so that the temperature difference (T2 • Ti) measured was a lower limit. 

The cell was mounted inside a stainless steel vacuum chamber, shown in 

Figure 2, which attached directly to the cryostat vacuum shroud. A quarter-

inch O.D. deposition jet entered the chamber about 2" from the substrate. An 



Figure I: Two-Chamber Knudsen Cell for Metal Atom Deposition (twice actual size) 
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Figure 2: Vacuum Chamber and Eight-Conductor Flange for Metal Atom Deposition with Knudsen Cell (actual size) 
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eight-conductor "Del-Seal" high-vacuum flange, customized by Insulator 

Seal, Inc., supplied electrical feedthroughs for the heaters and 

thermocouples, with two pairs of type K thermocouple leads replacing four 

of the original eight copper leads. A copper gasket was used in the flange 

seal. The cell was mounted directly on the flange, facilitating removal and 

access for maintenance. The stiff chromel leads of the two thermocouples, 

insulated with a column of small porcelain beads, were inserted through the 

two open bolt holes of the cell, such that when the flange wu attached to the 

chamber, the cell wu suspended axially in the center of the chamber by the 

chromel rods. The distance of the cell from the substrate could be fixed by 

the use of larger porcelain beads as spacers. 

Connecting the heater and thermocouple leads to the flange conductors 

proved to be a major challenge, u the constraints of high temperature 

tolerance and small space requirements were demanding. After some 

experimentation, the stripped. Nichroae ends of the "Thermocoax" heaters 

were attached to the heavier copper conductors with crude but effective 

connectors made of 0.010" copper foil, snipped and folded into pockeu which 

held the two wires in close proximity but could be unfolded for 

nondestructive disassembly of the cell. Thermocouple wires were spot-

welded to the appropriate conductors, a method which necessitated 

destruction and rewelding upon each cell disassembly, and thus occasional 

replacement of a damaged thermocouple, but which was nonetheless deemed 

an acceptably simple solution. 

Power to each heater w u supplied by a Variac power supply, connected 

through a transformer (25-21 V output at 3 A). Each thermocouple wu 

connected with insulated, duplex, type K thermocouple wire through a 
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reference junction held at 0* C in an ice-water bath, to a Keithley digital 

multimeter, model 177 or 191. Readouts in millivolts were converted to 

temperature using the reference tables for type K (chromel-alumel) 

thermocouples supplied by the manufacturer.4* Deposition temperatures 

quoted wen calculated using a simple computer routine to find the time-

weighted average over the entire deposition period, based on periodic 

readings during the deposition and assuming linear temperature variation 

between readings. 

In a typical deposition for an 1R experiment, the cell was preheated with 

approximate power settings of 10 V for the first oven (Pi • 10 V) and 25 V for 

the second (Pi • 25 V), until Ti was within 20-40* C of the desired setting. The 

first power supply was then turned off so that the two ovens could stabilise, 

such that the power supplied to Pa was sufficient to maintain both ovens at 

nearly constant or slightly increasing temperatures, with a difference (T2 • 

Tj) of 70 to 100* C Thus dw deposition temperature T| was ultimately 

determined by the power Pj supplied to the second oven. Under the 

conditions described above, Pi • 25 V ccrospondtd to Ti - 220* C T2 • 310* C. 

For experiments done in the Perkin-Ehner 450 UV spectrometer, optimal 

metal concentrations were lower, thus a typical setting for Pj was 20 V, with 

Ti - 150* C 

Deposition rates were calculated assuming ideal Knudsen effusion 4 9 

according to the equation 9 0 

S m 12/ V an (kTMDlrftf) 

where N is the flow me in particles/a, d and / are the diameter and 

thickness, respectively, of the effusion orifice, m is the atomic mass of the 



metal, k is the Boltzmann constant, po is the vapor pressure of the metal at 

temperature T, and the last term a collection fraction which accounts for the 

solid angle covered by the target, in which R is the radius of the target and D 

is the distance of the effusion source from the target.44 No correction was 

made for the fact that some diatomic species were deposited; that is, the 

deposition rates include all Cd particles rather than just Cd atoms. For this 

system, d • 1 mm and t • 1.5 mm, assuming the orifice was fabricated to 

specifications, while R • 1 cm (2 cm substrate) and D • 7.9 cm. The site of the 

aperture on the plate attaching the chamber to the cryostat was selected to 

provide the same collection fraction (0.01S6) as the assumed substrate size. 

Calculated deposition rates for various temperatures are shown in Table 1. 

Rates for temperatures between the known data points'1 were extrapolated 

assuming a linear slope between the two nearest points. 

Ajajnrjid 

Cadmium was obtained as 0.64 mm wire from Alfa, with a stated purity of 99.999%. 

about 0.7 g lasted for several experiments. If the metal-filled cell was 

exposed to atmospheric moisture for more than a few hours, a greenish 

coating, presumably CdO, formed on the surface of the metal and inhibited Cd 

deposition. This could be prevented by storing the filled cell, if removed 

from the vacuum system, in plastic with CaCb desiccant and an occasional 

nitrogen flush, or corrected by washing the metal with a dilute solution of 

HC1 until the shiny appearance was restored. The metal was then rinsed with 

water and acetone and dried with a stream of nitrogen before replacement in 

the cell. 

Argon, krypton and xenon were obtained from Matheson (Ar) and Airco (Kr 

and Xe) and were of 99.995%. 99.995%. and 99.9995% purity, respectively. 



1 

Table 1: Knudsen Deposition Rates for Cadmium Atoms 

Temperature, K (*Q* Deposition Rate, mmol/h M/Rb 

361 (95) 8.55(10-») 58,500,000 

390 (117) l.3l(10-«) 6,020,000 

400 (127) 2.14(10'') 2,340.000 

416 (143) 1.05(10-7) 621,000 

447 (174) 7.76(10'«) 64,400 

416 (213) 7.44(10-*) 6700 

500 (227) 1.53(10**) 3300 

532 (259) 7.11(10**) 700 

587 (314) 6.77(10-3) 74 

temperatures for which vapor pressure data is available: from 
reference 51. 

bmatrix/reactant ratio, assuming a typical rate of deposition of matrix 
gas, 0.5 nuool/h. 
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Acetylene was obtained from Pacific Oxygen and purified as described in 

Chapter I. Propyne from Linde, cyclopropane from Matheson (99%), 2-

chloro-l.l-difluroethene from PCR Inc.. and vinyl chloride of unknown 

parentage were used without further purification. Cyclobutane was from 

Columbia Organic (99%) and was treated with two freexe-pump-thaw cycles 

in liquid nitrogen before use. Matrix gas/organic reactant mixtures were 

prepared as in Chapter I and at 100:1 concentrations unless otherwise noted. 

Spaetiwcnpy 

UV spectra were recorded on a Perkiu-Elmer model 430 dual-beam spectrophotometer 

sample compartment modified to accomodate the cryostat described t 

previously. The specified resolution of the double-prism monochromator 

was 0.1 tun with a wavelength accuracy of O.Ot nm, although in practice the 

poor signal-to-noise ratio reduced the effective resolution. Wavelength 

calibration was verified using the visible Una spectrum of the Dj source, 

with the instrument in single-beam mode and the slits at 0.03 mm. The D2 

source was also used as a narrow-bead photolysis source for 

photoaggregation studies, with the slits opened to 3 mm at the selected 

wavelength. 

The external windows and substrate were BaPj or CaF2 tnm Harshaw and the 

baseline was electronically compensated for these elements at room 

temperature, versus the empty reference compartment, then re-recorded 

after cooldown. The full optical path was continuously purged with nitrogen 

to permit collection of data down to 113 am. Ar samples wen deposited at 12 

K, Kr at 20 K, and Xe at 25 K, although in later IR experiments deposition of 

Kr mixtures on an unhealed substrate (12 K) was found to produce better-

isolated matrices (narrower IR bandwidths) than 20 K deposition, possibly 
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because the substrate was slightly wanted by deposition of hot Cd atoms or 

simply by long exposure to the hot Knudsea cell. 

For experiments involving codepositioa of the metal with an organic 

reactant, infrared spectra were collected oa one of the two IBM FTIR 

spectrometers described previously, the IR97 or the IR44. Resolution was 0.5 

cm*1 and 200 scan were collected from 4000 to 400 cat*1. Occasional 

impurity bands near 2340 aad 660 cat*1 are easily assigned to COj, • common 

contaminant in matrix samples due to small air leaks. Samples which were 

doped with Cd, however, habitually exhibited much stronger CO2 absorptions 

thaa uadoped samples, suggesting that, despite continuous evacuation of the 

cryostat assembly, a significant amount of CO2 was adsorbed oa the metal 

surfaces of the Kaudsea cell aad chamber aad desorbed upon beating of the 

cell. Frequent opening of the cryostat to clean the substrate e perform 

repairs no doubt exacerbated the problem. 

Another, unidentified, impurity absorption at 1024 em*1 was quite persistent 

throughout the series of experiments with Cd, but its intensity did aot 

correlate with the CC? intensities, Cd concentration, deposition time or rate, 

or oven temperature, nor was it constant with reaetaat mixture or substrate 

cleanliness. The uakaowa absorption did aot dimiaish with photolysis. This 

frequency is near the strongest absorption of otone isolated in Kr. 1033 

c m * 1 . 3 2 Since this bead had aot appeared in any of the earlier work, for 

example, that with the dtehloroetheaes, the possibility of reaction of Cd with 

oxygen from aa air leak was considered, in analogy to the spontaneous 

reaction of Ge atoms with O2 upon codepositioa in Kr, to form O3 and OeO. 5 3 

Too, Cd sod O3 react spontaneously, to form CdO. CdOO or CdOj. 5 4 but no CdO* 

absorptions were observed in any spectra. Furthermore, aa air leak large 
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enough to produce detectable amounts of ozone, but no detectable increase in 

the pressure in the cryostat, seems unlikely. Since the impurity was not 

photochemically active, it was deemed of minimal interest for the present 

purpose. 

For studies done In the UV spectrophotometer, only the Da source could be 

used to irradiate the sample as described above, because the Knudsen cell 

deposition apparatus was mounted ia the only cryostat port not blocked by 

the spectrometer frame. For IP. spectroscopic studies, photolysis was 

performed with one of two sources. The 1000-W Hg-Xe arc lamp described 

previously provided a continuum down to 200 nm, the air cutoff, and was 

used ia conjunction with a one-inch aperture near the sample to minimize 

radiative heating of the sample holder. Interference or cutoff niters were 

employed to select portions of tan wavelength range, with specifications as 

follows: 325 am interference (liter. X « a x • 325 nm, T m s • 7.1%, FWHM • 29 

nm (same as filler "a" ia reference 37); 2t0 am cutoff filter, 0% T at 270 nm, 

5% at 210 am, 12% at 290 am. The Nd:YAG-pumped dye laser was used with 

DCM dye (Bxcitoo) ia electronics-grade methanol; frequency-doubled, this 

could be tuned to the Cd ( 3 Pi) resonance at 315 nm ia Kr matrix. 

la the work discussed ia Chapters I and II, a matrix sample was deposited 

from the "back" of dm cryostat, so that after rotating dw sample IN*, it 

could be illuminated from dw front, with dw light directly impinging on the 

sample. Unfortunately, dw geometry of dw sample compartment of dw IR44 

instrument necessitawd mounting dw Knudxn cell chamber on dw front 

port of dw cryostat shroud. Thus irradiation was accomplished by reflecting 
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the source beam off two mirrors mounted at right angles, as in the diagram 

below. 

I-| IR optica* axis 

cryostat 

« H J M I <4SJ 
I substrain 

I ^fl* m m tySQ &&&tlP&m 

X vnireci pnomysis 

This certainly resulted in a lower photolysis efficiency, due to losses both 

from imperfect alignment and, particularly in the shonsr wavelength 

regime, from the fact that the minors were not selected for high UV 

reflectance. Since adequacy of the photon flux was of much concern in the 

sensitization experiments, the optical alignment of the photolysis setup was 

reproduced and the lamp power measured with a Scientech 3S0105 meter 

through various (liters. While the actual power levels obtained are not 

considered accurate, comparison of the power recorded, through a Corning 

7-54 filter (bandpass 224-400 nm) with and without the mirrors ia the optical 

path (equivalent to direct vs. indirect photolysis) indicates that lotal mirror 

losses ia the UV were approximately 50%. For the actual experimental setup, 

fluorescence from a card held in front of the photolysis window indicated 

that at least some UV light was reaching the sample. It can be assumed that 

photolysis is direct unless otherwise noted. 
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RESULTS: Cd Absorption Studies 

In order to Mat the Kaudsen cell and detennine optiaram deposition 

parameters, samples of cadatiam ia argon, krypton, and xenon matrices were 

prepared and UV abaorptioa spectra recorded. Of particular interest was the ... 

ability 10 prepare a sample of isolated Cd atoms at a desired concentration, 

minimizing the quantities of cadmiam doners and higher aggregates. The 

majority of the stadias were done m Ar matrix, for reasons that will be 

diacaaaad later, bat some aipsrtmoats wen also performed in Kr and Xa. 

CdmAinUBH 

As the spectra ia Figure 3 show, at high dilations (Mflt • lOMo'), a single 

strong leatare was recorded with maxima at 219.6 sad 221.5 am and a tail to 

237 am. aad with a fan widm at aalf-maxiasam abaerhaaca (FWHM) of U50 

cm* 1 . This faatare appealed sometimes « a doabtet aad other times as aa 

aaevea triplet. At dilatioas from Vfi to 10 4, the relative intensity of the 237 

am tail increased and additional restores appeared, a doablet at 204.4/203.6, a 

broad, stronger band at 272.7 aad one at 2603 am, as well as a weak, narrow 

bead at 311 am (FWKM 320 cm-l). A weak, broad band at 247 am became 

visible at M/K S 10*. 

Several abaorptioa features wen irradiated with the spectrometer deuterium 

source ia order to leak lor evidence of photoaggrcgation. Irradiation at the 

central wavelength of the stroagest featan (221.0 am, 30 mia) aad on its 

shoulder (234.1 an, 20 mia) caused neither bleaching of this feature nor 

growth of others. Likewise, irradiation of other beads at 273.0 am (90 min). 

261.0 nm (60 mia), aad 203.0 am (10.3 h} caused no spectral changes. 
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Figure 3: UV Spectra of Cd in Ar Matrix 
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Cd in Kr Matrix 

A single strong absorption appeared at high dilution (M/R • 122,000), a 

triplet with maxiau at 22S.4, 226.7, and 221.1 nm and with a shoulder at 236 

tun, seen in Figure 4. Continued deposition at M/R • 11,400 resulted in 

features-further to the bine at 201.S and 209.3/210.7, and higher-wavelength 

absorptions at 2S3, 266.S, and 277 am, while a sharper feature appeared at 

313.1 with a shoulder at 316.1 MI. 

For ono spectrum of a Cd/Kr sample, the integrated absorbance of the 

principle Feature Mar 226 am, including shoulders, was determined as 

follows. Since the data were collected in traasmtoaace units, the spectrum 

in the region of interest (246-215 am) was first manually convened to 

absorbance, tan baseline (spectrum of dm cold substrate) normalized out. and 

the scattering due to the matrix (assumed to be linear) subtracted. The 

spectrum was then plotted linearly it\ v and graphically integrated to 

obtained a total abeorbance of 2414 em*1 for this feature. 

Gda&Matfc 
Only low Cd concentrations could be studied ia Xe, as this matrix strongly 

Matters UV light and samples became optically opaque before sufficient 

Cd/Xe was deposited for higher-coaceatration samples. The sole feature 

observed in Xe at M/R • 146,000 was a strong, sharp triplet at 233.6, 235.0. and 

236.3 am, displayed ia Figure 5. The moat coacaatrated sample studied (M/R -

32.000) showed ao additional bands. 
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Figure 5: UV Spectrum of Cd in Xe Matrix 
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DISCUSSION: Cd Absorption Studies 

As one of the lower-melting metals, cadmium is experimentally practical and 

thus its absorption spectrum in rare gas solids has been studied several times 

previously. 3 3 * 3 *- 3 7 Assignments of both atomic and multimeric features 

have been made, sad no major discrepancies are reported here. Thus the 

purpose of this section is to analyse the experiments done to characterize the 

Knudsen cell and to show that the new apparatus gives improved results over 

the device used in preliminary Cd photosensltizatioa studies.3 7 The 

spectroscopy of Cd will not be discussed in detail, as this was done thoroughly 

in the earlier work and thus is not new information. Furthermore, the 

spectrometer has deteriorated such that the present spectral data, although 

ia agreement with that of Cartland sad others, is of poorer quality. However, 

some interesting observations have been made, particularly with regard to 

matrix effects oa oscillator strength and frequency shifts, and are discussed 

both ia terms of their innate interest and their influence oa metal atom 

photochemistry. 

AnifMiew af Ahamption Spactra 

Cd la Ar Matrix. The poshioas of the observed abeorptioa matures match, 

withia the experimental uncertainty, those seea by Cartlaad37 aad thus are 

accordiagly assigaed. as noted ia Table 2. The first spectral feature to 

appear, at 221 am, is easily identified as the Cd ( I r > i«- l Sg) atomic aborption. 

The triplet structure noted by Cartlaad aad discussed ia terms of Jahn-Teller 

e f fec t s 3 1 is not reproducibly resolved, although the structure which could be 

resolved in this study is consistent win the previous discussion. The line at 
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Table 2: Cd Absorption Features in Rare Gu Solids 

Cd/Ar» Cd/Kr* Cd/Xe 
X. nm X, nm X. nra Assitnment 

316.1 
311 315.1 Cd(3Pi*-»So) 
272.7 277 CdiC^u*-1!*!) 
260.3 266.5 Cd aggregate 
247 253 Cd aggregate 

221.1 236.3 
221.S 226.7 235.0 cd (tpit-tso) 
219.6 225.4 233.6 
205.6 210.7 . 
204.4 209.3 Cd 2< ln u *-»?••,) 

201.5 Cd aggregate 

•Not all features observed in all spectra; see text 
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311 nm is the ( 3 Pt«- l So) transition, again with structure that is 

irreproducible, but not inconsistent with Canland's findings. 

Some of the remaining features are also easily identified, such as the 

transition to the lowest Cd2 excited state, ^I+u*- 1 !* , ) , at 272 nm. 3' The 

signal-to-noise ratio of the data sad the inability to perform scale expansion 

do not permit resolution of the vibrouic structure observed in previous 

studies. The short-wavelength doublet at 204/205 am is "reasonably" 

assigned by Ault and Andrews** to absorption to the - n u state of the Cd2 

molecule, a transition observed at 221.2 am ia the gas phase.*0 They also 

discuss the 261 am feature tad attribute it to a Cd aggregate, but later 

workers from tat same laboratory reassign this feature to a mixed ZnCd 

dimcr.* 1 However, the intensity of this feature ia the present spectra would 

imply that the cadmium wire ia use has a large quantity of sine impurity, 

contrary to the stated imparity consent of less than 10*9. Furthermore, the 

published spectrum ia the mixed metal study shows a distinct mature at 261 

nm in the Cd (no sine) experiment, similar to that observed here. Thus, we 

suggest that the strong 261 am feature observed ia the Zn/Cd experiments 

and assigned to the mixed-metal specks overlaps a weaker feature, which the 

observations indicate is due to a Cd aggregate species alone. 

The 247 nm feature was recorded by Cartlaad but not by other workers, and 

its appearance oaly at loaf deposition times and higher temperatures 

suggests that it is also due to a cadmium aggregate. Bands reported by 

Canlaad at 347, 305. 296. 216, 19t and 192 nm were not observed here. If 

these are due to higher Cd multimets, their absence here suggests that the 

distribution of Cd cluster sizes produced by the Knudsen cell is more strongly 

weighted toward the monomer than that produced by Cartland's filament, not 



a surprising result. Mixed species of Cd with Ni and Cr from the Cd-wripped 

nichrome filament perhaps contribute to the spectral complexity in the 

earlier work. 

The insensitivity of the spectrum to UV irradiation confirms Cartland's 

conclusion that Cd is not subject to the photoindeced clustering observed for 

other metal atoms in matrices,*2-*3 a fact that was important in the 

interpretation of the photochemical results. 3 7-* 4 

Cd In Kr Matrit. The krypton matrix spectra obtained in the current study 

agree with the previous work. The spectrum shows transitions to the same 

atomic (*Pi. 3 p o and dimeric ( ' l * , , ^ , , ) stales as in Ar, and the 266 nm band 

corresponds to the 261 nm band in Ar, as indicated in Table 2. Cartland 

assigns the feature at 202 am to an aggregate. In contrast to the earlier 

work, we were unable to observe simultaneously the *Pi and 3 P{ absorptions 

in Kr or any other matrix. 

Cd in Xe Matrix. The ( l Pi«- l So) atomic transition near 235 nm is the only 

feature observed but is in good agreement with mat reported by Cartland. 

The absence of features due to molecular species and the decreased breadth 

of the atomic absorption compared to Cartland's data suggest an improvement 

in the ability to produce a sample of matrix-isolated atoms. 

ftgigcjjQ^ Q£ ̂ ijjihBjg PjQQBOkini 

The sharpness of the strong absorption first to appear in all matrices, 

Cd ( 'Pi*- 'So) , indicates that at low concentrations a quite homogeneous 

sample of isolated atoms is deposited. As deposition proceeds, the atomic 

absorption develops a significant shoulder and tail, suggesting 

heterogeneity of substitutional sites (i.e. varying Cd-Xe interactions)3 s 



and/or some nonnearest-neighbor (Cd-Cd) interactioas which alter the 

relative energies of the two states involved in the transition.96 

Due to its intensity, the allowed atomic absorption could not be observed on 

the same scale as the dimer absorptions, but the forbidden transition to the 

atonic Cd ( 3 Pi) state and the rally allowed Cd2 ( lI*««- tffj) dimer absorption 

become visible* at similar coaceatraUoas. Thus the relative intensities of 

these two features ia Ar were used as a qualitative measure of the proportion 

of monomer to dimer, although no quantitative study could be done without 

knowledge of the extinction coefficient for the Cdi transition. Since the Cd 

( 3 P l ) absorptioa would be weakest, or most strictly forbidden, in this light 

medium with lower spin-orbit coupling than Kr or Xe, the absorption 

spectrum in Ar provided the most severe test of the ability of the oven to 

dissociate dimera. 

Our inability to observe the singlet and triplet atomic features oa the same 

scale is somewhat puzzling, as Cartlaad was able to do so ia both Kr sad Xe. 

On* possibility is that ia an imperfectly isolated sample. Cd atoms ia sites 

which are aeighboriag but aot witkia bonding distance may experience a 

mutual heavy-atom effect Indeed, iaternctioas of this nature are known to 

cause electronic perturbations. For example, Osia's group*5 observes two 

different Curj species ia Xe matrix, oae a weakly coupled xenon cage complex, 

formed* in Mxt-uearest-aeigheor vacancy sites and with a distinct 

absorptioa spectrum from tir# "normal" dicopper. Caj separated by the gas-

phase iatemuclear distance **-* isolated ia die xenon lattice, if triplet 

oscillator strengths of such atoms are enhanced relative to a truly isolated 

atom, excitation of the Cd 3 P i state would be saore efficient in die less well-

isolated sample. Thus, ironically, technical improvement in the ability to 



isolate the metal atom pbotosensitizer in a matrix may in fact decrease its 

ability to absorb the light necessary to initiate excited-state chemistry. 

Recent work on the matrix-induced frequency shifts of transition metal 

atoms in matrices** prompted a reexamination of the shifts observed for the 

croup 12 metals. For absorptions of Ru, Ot and Ir ia Ar, Kr and Xe, as well as 

for other authors' data on matrix-isolated Nl, Mo, Ag and Au, resonance 

frequencies correlate linearly with the polariubllity of the matrix, whereas 

Y, Rh, Pd and Pt show strong deviations in Xe from the slopes extrapolated 

from the Ar and Kr points. Jeoag and Klabunde. in agreement with previous 

discussions.* 7'**-*' interpret this to mean that the major source of the 

frequency shift is van der Waals interaction of the guest and host, but that 

additional interactions are involved, particularly ia Xe, for the species which 

do not correlate llaearly. 

A similar plot of the shifts from the gas phase for Zn, Cd and Hg (table 3 and 

figure 6) also shows essentially linear behavior, consistent with the metals 

previously studied. One very striking feature of this plot, which differs from 

the previous study, is that the lines fall into two distinct groups based on 

slope and degree of linearity. Furthermore, the groupings are related to the 

upper stat* of the transition, ! P t or 3 P i . The plots for the triplet transitions 

are much less steeply sloped than the singlet plots, indicating that the triplet 

transition frequencies vary lets strongly with matrix. Too, all the triplet 

data points are above xero, or blue-shifted from the gas phase, while the 

singlet transitions exhibit a red shift ia xenon. Finally, the triplet plots are 

nearly perfectly linear, while the singlet plots show a positive deviation of 

the xenon points compared to the extrapolated Ar-Kr slopes. The fact that a 



Table 3: Atoiaic Transitions of Group 12 Metals in Rare Gas Solids' 

Medium Transition X(Zn), nm X(Cd), nm X(Hg), nir. 

gas phase0 3Pl«-'So 307.7 326.2 253.7 

»Pl«-!S<» 213.9 221.9 184.9 

Ar 3P|«->So 297« 312.4 24S.8« 

>P|«->So 206.9 221.0 17t.Sd 

Kr 3Pi«->So 301C 316.0 248.9 

lPl«-lSo 212.S 226.6 183.3<* 

Xs »Pl«-*So — 322.1 253.2 

lP|«-lSo 213.9 221.9 1S4.9 

•from reference 57; wavelengths listed are approximate band centers. 

°from reference 70. 
cfrom reference 59. * 

dfrou reference 71. 

•from reference 72. 



Figure 6: Frequency Shifts from the Gas Phase Of Group 12 Metal Atom Absorptions m Rare Gas Matrices 
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plot of the relative shift, Av/v, shows the same slope and shape 

characteristics for each group as docs Figure 6, demonstrates that these 

trends are unambiguously related to the states involved in the transition, 

rather than simply to the absolute absorption frequency. 

Jcong and Klabunde attribute the deviations observed for some metal atoms 

in X* to formation of a weak complex with the highly polarisable xenon, 

noting that the more polarixable metals showed greater xenon effects. We 

observe the same deviation for the singlet transitions of the group 12 mettls. 

yet not for the triplet transitions. Recent molecular beam investigations of 

excited states of van der Waals complexes formed between Cd and rare gases 

( R g ) 2 * * 2 7 sre helpful in explaining this behavior. As seen in the table 

below, the binding energies of the CdRg ground states vary little throughout 

the rare gas series, while the excited state binding energies are not only 

larger, but increase quite dramatically as the polarizability of the tare gas 

increases. 

VfiCfeS ficfisi'1: X*V A'rio C »rii 

CdNc 39 77 89 

CdAr 96 325 544 

CdKr 123 513 1036 

CdXe 176 • * 

•dot* from references 26 and 27; CdXe bound txcittd states not 

observed due to competing deactivation processes. 

Since the excited states of the higher members of the molecular series 

experience greater stabilization, one predicts for the matrix an increase in 

upper-state stability, and thus a decrease in absorption frequency from the 
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HO—d SUM, with increasing Rg polarizability, precisely a. is observed. The 

particular frequency of absorption, tad its relation to the gas-phase 

resonance, depend on the shape of the upper potential curve in the Franck-

Condon-accessiblc rsgiou, and thus cannot be predicted simply from well 

depths. 

The tabulated data also snow that the tint singlet excited stales of the 

complexes, C l n i, which correlate with Cd 'Pi + Rg, are strocgly bound, 

while the low-lying A ' n SUMS, which correlate with Cd ( 3Pj) + Rg, arc more 

weakly bound. In the matrix, an analogous effect Is expected: The singlet 

stales an mot* strongly influenced by the ran gas than the triplets, hence 

show much greater variation with matrix, just as seen in Figure 6. As Funk 

ti *t. note for the van der Waals molecules, the principle difference in the 

C l i l t and A 3 n states lies in the spatial characteristics of the Cd a orbital in 

the singlet vs. triplet states. Electron correlation causes the 3 P s and p 

electrons to spend more time further apart, thus increasiag electron* 

nucleus attraction and shrinkwg the effective atomic site. Thus the greater 

bond strengths for the C IlTi states an due to the larger poUrixabilky of the 

Cd ' P | state and m*larger spatial extent of the a orbital ia that stale. Upon 

surrounding the metal atom with a full shell of Rg species, as ia a matrix, 

similar, or even men pronounced, offsets an obtained. 

Thus, the findings relating the sias of the matrix frequency shift to the 

multiplicity of the excited state an seen to be consistent both with previous 

findings on matrix frequency shifts and with gas phase iavestigatious of 

van der Waals bonding. In addition, comparison of stabilities of electronic 

states of ran gas van der Waals molecules successfully predicts the matrix 

trends, although not the absolute frequencies. The M(Rg)g complex present 



in a matrix may be modeled, at least qualitatively, by the simpler, 

monocomplexed. MRg van der Waals molecule. Clearly the interactions 

between guest and host in a matrix are complex. While, on the one hand, this 

may complicate the process of identifying and understanding the electronic 

spectrum, and lessen the directness of its relation to the gas-phase spectrum, 

it alto provides a very sensitive probe of the nature of the interactions 

between the guest and "inert" host 

To test the validity of depoakion met calculated assuming ideal Kaudsen 

effusion, the oscillator strength of the Cd ( ' P i ^ S o ) absorption in Kr matrix 

was determined from the UV spectrum, for comparison to the known 

experimental value in the gas phase. The atomic oscillator strength f a a for a 

transition between states m and m is 

tel 
where m« and e tit the mass and charge of the electron, c is the spaed of 

light, and the integral is the total absorption cross section, with v in 

c m * 1 . 5 7 - 7 3 In the solid state, an electric field correction factor F must be 

included, which for an isotropic crystal can be expressed in terms of the 

refractive index n as 

For Kr at 4 K, me refractive index is 1.2I. 7 4 and thus F « 0.S7. The absorption 

cross section can in turn be expressed (here ia uaintcgrated form) as 

Afr) ofv). N<ln 10) 
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where A(v) is the abeorbaace and Nl is the concentration, expressed in units 

convenient for matrix samples, atoms/cm2. When integrated over v. A(v) is 

just the total abeorbance determined from the spectrum, 2484 cm*1, and the 

constant Nl is calculated via the Knudsen effusion equation, discussed 

previously. For this particular experiment, tat deposition was done in two 

stages: a 34-miuate codtposition at an average temperature of 410 K, 

followed by a 67-miaute deposition at 435 K. This yields a total of 5.95(10'*) 

mmol deposited over a target area of 2.1 cm 2, to give a concentration Nl of 

1.2K10* 9) atoms/em2. The total integrated absorption cross section is thus 

t .43(10* 1 3 ) cm, and the oscillator strength f l a for the observed transition in 

Kr is 0.129. 

This agrees surprisingly well with the gas phase experimental value of 

1 .20 . 7 3 As an immediate consequence, such agreement inspires confidence 

in tht use of Kmtdsea effusion rates to determine metal concentrations of 

matrices deposited with this apparatus. In contrast, tht value calculated by 

Cartlaad*7 for tht Hg (3Pi«- lS<>) traneWoa m Kr matrix. l.tdO-3), was over 

an 'order of magnitude smaller than tht gas phaae value of 2.55O0" 2). 7 0 As 

graphical integration of tht abeorption feature waa employed in the present 

calculation, rather than tht approximation used by Cartlaad, 

Ovdvno-wuiAvi/2 

this may have improved tht accuracy of tht calculation. As Cartland 

correctly notes, however, tht Hg ( 3 Pi«- l So) KM shape is "well-behaved," 

and thus it stems unlikely that this approximation could be the source of 

such a large deviation. 



142 

More interesting an the possible physical bases for a real difference in the 

two cases, Hg and Cd. Differences ia oscillator strength in solution are 

usually attributed to a solvent perturbation of the electronic transition.73 

Since the same matrix material, krypton, was used in both experiments, the 

matrix alone cannot be responsible for the effects demonstrated here. 

However, the transitions studied were qualitatively quite different, one a 

fully allowed singlet-singlet transition and the other a singlet-triplet 

transition. Sine* the ground state ia ^ o » both cases, If singlet and triplet 

excited states interact differently with the matrix cage, a large difference in 

the medium dependence of oscillator strength for the two types of transitions 

might result, as indeed has been noted for frequency shifts. 

Oruen 6 7 is one of the few authors to discuss oscillator strengths of electronic 

transitions of metal atoms in matrices, helpfully concluding mat "f values 

can be expected to increase, decrease, or remain relatively unaffected." He 

notes that for a msmhsr of transition metals in matrices, f a a values are one 

to two orders of magnitude lower than values determined from gas-phase 

emission measurements. For another example, however, that of Au ( 2 P«- 2 S) 

in Ar, Kr and Xe, matrix fea values are in good agreement with the gas-phase 

numbers, although with an intriguing downward trend in the order Ar > Kr > 

Xe. a trend which, if general, may well account for the lack of observation of 

an external heavy atom effect for Hg absorption spectra.7* Some gas-phase 

results are relevant to this problem as well; for example, the decline in 

oscillator strengths for the Hg < 3 Pi«- l So) absorption under high pressures 

of foreign gas. Finally, calculations for the X*-A transitions of LiHe and 

NaHe give decreasing f a a values with decreasing M-He distance along the 

molecular axis, suggesting that matrix tmm values may have a site 



dependence as well as the complicated matrix- and transition-dependent 

behavior already noted. Far more detailed studies with a more versatile 

spectrometer would clearly be required to verify and understand these 

effects, but the oscillator strength calculation remains a useful tool in 

justifying reliance on Knudsea-derived concentrations. 
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RESULTS AND DISCUSSION: Excited-State Reactions of Cd with Haloethenes 

RjUlU 

Vinyl chloride (VCI). The cadmium-photosensitized reaction of vinyl 

chloride was studied as a test of our ability to generate Cd ( 3P) in a matrix. 

Cartlaad had previously studied this reaction and found that, in krypton 

matrix, vinyl chloride was inert to direct photolysis (X > 200 nm). but that 

strong absorbances due to reaction products were observed when the ample 

was doped with Cd and illuminated at 325 nm to selectively excite the Cd ( 3 P) 

state.4©-*' 

Indirect photolysis through a 32S nm interference filter for l.S h of a 

1:340:34,000 Cd/VCl/Kr sample resulted in no products, while continued 

irradiation for 4.0 h with a 210 nm cutoff filler yielded distinct photoproduct 

features, a doublet at 746.7 and 734.0 cm"1 and another feature at 2766.6 cm*1. 

An additional 4.7 h unfiltered photolysis (X > 200 nm) caused growth of these 

features and of an additional band at 3276.6 cm*1. Samples with a tenfold 

higher concentration of Cd gave the same, weak, product absorptions after 

similarly lengthy photolysis times, while an undoped sample of VCl/Kr 1:100 

developed no product absorptions after 1.2 h of broadband photolysis, in 

agreement with the prior work. 

2-cnler«-l,l-difluereetlieuc (CDFE). Due to limited 

reproducing previous results with vinyl chloride, another previously studied 

molecule, 2-chloro-l,l-difluoroctheuc,37 was selected to further verify Cd 

(3P) generation in the matrix. A sample of Cd/CDFE/Kr 1:20:2000, irradiated 

directly through a 325 nm interference filter for 3.0 h, developed broad 

infrared absorptions at 1673. 1071. 913. 1253. and 771 cm*1. Continued 



photolysis (3.9 h) with the glass cutoff filter (k > 280 nm) resulted in further 

growth and sharpening of theae features, and additional features at 1732, 656, 

and 542 em'1 became apparent as well. These features are listed in Table 4 

and compared with the previous work, and the difference spectrum is 

'•restated is Figure 7. 

QiKuisjQQ flflodixidiyl SXSJCBJ 

Vinyl chloride. The initial photopraduet features are readily identified as 

the HCI stretch (2766.6 car 1 ) and v 3 bend of C 2 Hi (746.7, 734.0 cm'-) in tha T-

shaped complex HCI*C2H2. the degeneracy of tha bead removed by the HCI 

cage partner. The leas intense vj CH stretch (3276.6 cm*1) appears at longer 

photolysis times and confirms the product identification. As this hydrogen-

bonded complex, the result of HCI elimination, was the primary product 

observed by Cartland, 4 0- 5 7 its appearance is a favorable indication of our 

ability to create Cd-VCI pairs in the matrix and to selectively excite Cd to i*s 

triplet state. 

However, agreement with the previous work is incomplete, and this 

discrepancy is rather disturbing. Canland observed a second product, 

(CH2CH)CdCl, the product of Cd insertion into the CC1 bond, but we observed 

here no absorptions corresponding to those product frequencies (1310.4, 

1347.9. 1337.7. 1242.1. 1004.3/993 cm*1). In addition, for a 1:55:5500 sample 

Canland saw the complete photoproduct spectrum after only 0.5 h irradiation 

through a 325 nm interference filter with a maximum transmittsnee of just 

10.3%, while full tamp intensity and much longer photolysis times were 

required in these experiments. 



Table 4: Product of 325 ma Photolysis of Cd/CDFE/Kr 

GfrCDFE QKDFE pares* CDFE 
this work ref. 37 ref. 37* 
v, cm'1 v, car* v, cm' 1 Assiinment 
3260 3233.9 ? 

3134.1 CH stretch 
1732 1711.0 1771.9 ? 
1671 1679.7 1742.2 CC stretch 
16S9 
1253 1230.0 1323.0 CF2 syn> stretch 
1071 1092.2 1195.3 CH i.p. bend 
913 917.2 961.1 CF2 asym. stretch 
771 770.3 140.6 CH o.o.p bend 

567.2 764.0 
6S6 633.2 753.1 CO stretch 
S42 560.9 376.5 CFj wag 

•Pareat spectrum verified experimeatally ia this work. 
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2-chloro-l , l -dlf laorocthcue. Comparison of the product frequencies 

with thow seea before (table 4) shows that the photoproduct formed in these 

experiments has similar, but not ideatical, absorptions to the product 

identified by Cartlaad as (CF2CH)CdCl.37 Most bands UP rrgo frequency 

shifts of 2-21 cm*1. However, at the bandwidth! art broad in both this and 

the prior work, both sets of frequencies fall within the bandwidth and thus 

can be considered the same within experimental error. Thus it is concluded 

that the photoproduct observed here it the same Cd insertion product 

previously reported, with a slightly perturbed infrared spectrum perhaps 

related to the different depositioa and photolysis conditions of the 

experiment. The observation of metal atom photochemistry is reassuring. 

Hydrogen chloride elimiaatioa from viayl chloride gives oaly indirect 

evidence of Cd ( 3 P) participation, bat the metallorganic product requires the 

iavolvemeat of both the -v^lum I M tad the energy it carries, and thus 

affirms the presence of triplet Cd ia tk* atjtrix. Again, though, the long 

photolysis times required to distinguish the product spectrum indicate that 

Cd (3P) excitatioa is rather iaeffkieat, as ia the case of viayl chloride. 

General Diaamifla 

The experiments w'th vinyl chloride aad chlorodifiuoroetheae were 

iateaded merely to confirm that the experimeatal apparatus was operating 

as expected, bat given the difficulty ia reproduciag the previous results, 

some general discaseioa is warranted. Two mala experimeatal parameters 

control the generatioa of Cd ( 3P) ia the matrix: the number of photons 

available at the sample, aad the ability of deposited Cd to absorb them. As 

noted above, the necessity of adding two mirrors to the optical train reduced 

photolysis efficiency, but only by a factor of two. much less than the 



observed slowdown. Furthermore, experiments done with the photolysis 

beam directly impinging on the sample did not give significantly different 

results. The elderly 325 nm interference filter accounts for another 

inhibition, as its maximum transmittance had decreased to 7.1% from 10.3% 

in the earlier study. However, use of a cutoff filter in lieu of the narrow 

bandpass fllur increased the photon flux by over aa order of magnitude, yet 

photolysis timet were not significantly reduced. This procedure would 

compensate as well for any Ion of wattage due to aging of the Hg-Xe source. 

The other factor, the ability of Cd to absorb the resonant photons, is a more 

likely culprit One possibility, insufficient Cd concentration, received much 

attention but was satisfactorily eliminated by variation of the concentration 

among samples and verification of the Knudsea concentration by the 

oscillator strength calculation discussed earlier. Severe inhoaogeneity of 

toe sample, such that the concentration of Cd atoms was locally low in the 

area of the substrate sampled by the IR beam, also seems unlikely. Typically, 

upon removal from the cryottat after aa experiment, the substrate appeared 

to be evenly coated with a metal film. A remaining possibility involves the 

extinction coefficient of the ( 3Pi«- lS<>) Cd transition in the sample. If, for 

reasons of more thorough Cd isolation at mentioned in the discussion of 

absorption spectra, this coefficient were lower in these samples than in 

those prepared by Cartland, the population of excited cadmium in the sample 

would be diminished and perhaps inadequate to cause product formation in 

amounts detectable in these experiments. 



RESULTS AND DISCUSSION: Excited-State Reactions of Cd with Hydrocarbons 

ggauiu; c^sloaikioit 

Cyclopropane (CP). The infrared spectrum for a sample of cyclopropane 

(CP) 1:100 In Kr agreed with literature spectra. 7 7* 7 1 Doping with Cd did not 

alter the spectrum. 

Two hours of glass-filtered Irradiation <X> 2S0 nm) of Cd/CP/Kr 1:41:4100 

induced two very weak infrared bands at 1112.1 and 9013 cm*1, the former 

near a parent absorption at 172.5 and the latter near an weak, unidentified 

band at 1113 cm*1 in the deposition spectrum. These did not intensify with 

continued photolysis, nor did parent absorptions disappear. These bands 
* 

were not reproduced, nor were other changes in the spectnun discernible, 

after 6.1 h of dye laser irradiation at 31S.0 am, with an avenge power of 2.6 

mW (0.26 ml/pulse at 10 Hi). 

Cyclebttane (CI). A matrix of c-QHt/Kr 1:100 ac 12 K exhibited infrared 

bands corresponding to the gas-phase frequencies.7* No spectral changes 

were observed when the CB/Kr mixture was codeposited with Cd. Pour hours 

of indirect. Altered ( i > 2t0 nm) light from the Hg-Xe arc lamp caused no 

parent ION or product growth in a 1:6:620 sample of Cd/CB/Kr. Subsequent 

exposure for 9.7 h to the eefiliered arc had no additional effect. 

Rjsjittli AJkxpjt 

Acetylene. The infrared spectrum of Cd/CiHifKt 1:1:800 agreed with 

previous data for matrix-isolated acetylene.79 Weak bands at 1964.S and 630.1 

cm* 1 fall near symmetry-forbidden absorptions of acetylene at 1964 (V2. CC 

stretch) and 631 cm*1 (V4, symmetric CH bend), possibly indicating 
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perturbation by a Cd cage partner. Irradiation for 7.0 h with the filtered Hg-

Xe lamp (X> 280 nm) initiated growth of a strong, broad band at 2098.8 cm*1. 

Equipment failure prevented reproduction or further investigation of this 

result. 

Methylacetyltne (MA). A spectrum of Cd/CH3CCH/Kr 1:15:1500 was 

consistent with the argon>matrix spectrum of methylacetylene (MA),'° 

taking into account the expected matrix shift of a few wavenumbcrs. 

Illumination of this sample for 4.4 h with the 210 nm cutoff filter and 3.5 h 

unfiltered brought about no spectral differences ascribable to photoproduct 

formation. 

Selection of molecules for studies of chemistry with electronically excited 

metal atoms involves a complex array of factors. As one major interest was to 

differentiate between singlet* and triplet-sensitised chemistry, molecules 

were considered good candidates if their photochemistry was known or 

suspected to be different on singlet and triplet surfaces. Multiple reaction 

paths, to allow the possibility of changes in product branching ratios, were 

also favorable indicators. Energy transfer requires excited states with 

energies less than or equal to the Cd excitation energies, 125 kcal/mol for 

singlets and 89 kcal/mol for triplets. Finally, the detection scheme 

necessitates that both parent and possible products have simple and 

assignable IK spectra. 

Cyclojilkancs. A number of favorable characurisUcs led to the selection of 

cyclopropane as a likely reactant for Cd photosensitization studies. The 

possibility of formation and trapping of a mctallacyclobutane intermediate 
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was particularly appealing, as such species are of synthetic and catalytic 

interest. 4 1-* 1 Previous matrix workers found that the CC bond of 

cyclopropane could be activated with relative ease by metal atoms. Iron 

atoms are reported to insert into the ring when irradiated during 

codeposition with cyclopropane and argon,*2 and Ni inserts spontaneously 

upon cocondeasation7 7 with c-CjHj and Ar. In the gas phase, unligated 

metallacyclobutane ions have been observed as reaction products of 

translationally excited metal ions with cyclopropane.83 

Furthermore, a number of hydrocarbon products can be formed from the 

starting materials, providing pouibilities for photochemical branching. The 

energetic situation for the various channels is favorable, too. Insertion of a 

metal atom into the ring is predicted to be no more than a few kcal/mol 

endothermic, by analogy with a calculation of AH » 6 kcal/mol for Pd 

insertion to form palladacyclobutane.14 Isomerization of cyclopropane to 

propene is S kcal/mol exothermic.*5 thus placing the lowest propene triplet 

excited state almost exactly isoenergetic to Cd (3P) + C-C3H6.*6 Other potential 

product channels within energetic reach of either singlet or triplet 

cadmium excited-state energies include formation of ethylene + CH2 or 

CdCH2*. C3H4 (propyne or allene) + H2 or C0H2; or insertion of Cd into the CH 

bond. The infrared spectra of these products and the parent are simple, and 

many are available in the literature. 

Encouraging precedent was drawn as well from gas-phase studies of the 

mercury-sensitized chemistry of cyclopropane. Excitation of Hg ( 3P) in the 

presence of 1,2-dideuterocyclopropane leads to cis-trans isomerization, but 

ao mono- or trideuterocyclopropane formation, meaning that no H-D 

exchange takes place.*7 Thus reaction is believed to occur not through a 



frae radical mechanism but via an excited triplet diradical, a species which 

seemed plausible as a precursor to ring insertion of the metal atom. 

One objection to the cyclopropane system is raised by thermochemical 

considerations. Relief of ring strata has been claimed to drive ring-opening 

in metal insertion,*' but since cyclobutane has a higher strain energy (28 

kcal/mol) than cyclopropane (27 kcal/mol),1' it is not clear that the four-

membered metallacycle will in fact be significantly lower in energy than 

cyclopropane. Indeed. Beauchamp and coworkers have determined strain 

energies of cobaltacyclobutane and ferracyclobutane to be nearly at high as 

cyclobutane. 22 and II kcal/mol, respectively.*3 However, eyewpentane is 

nearly unstrained (S kcal/mol)." thus insertion of a metal atom into 

cyclobutane to form a metallacyclopeatane is surely energetically favorable, 

and dM ring strain argument is more persuasive. Therefore, cyclobutane 

was studied far this more advantageous thermochemistry but presumably 

otherwise similar photochemistry. 

Despite all these apparently favoruMe indications, both cyclopropane and 

cyclobutane were «Ute unresponsive to Cd (3F>sensitised photolysis. The 

higher excitat?:'* energy of Hg ( 3P) may be necessary to generate the 

reactive biradkal intermediate, while the involvement of the 4 orbitals is 

evidently important in dm iron and nickel matrix reactions. The problems 

of Cd oscillator strength and photolysis efficiency discussed before with 

respect to haloethene-cadmium reactions also continue to be relevant here. 

Alkynts. Similar reasoning to dw cycwalkane case was employed in 

selecting the aUcynes as reactants in the cadmium photosensitisation studies. 

Reactions of aHcyucs with metals are of catalytic importance, and matrix 



studies may help to model surface processes.'1 In a matrix, acetylene 

interacts to varying degrees with metal atoms. Vinyl-like complexes have 

been observed for some transition metals 9 0 and it-type complexes for 

o thers , 9 0 * 9 1 while iron forms a third type of adduct, interacting through the 

hydrogen atom. 1 1 Upon UV photolysis (360 am < k < 280 nm), this complex 

reacts to form the CH insertion product, ethynyliron hydride. With propyne, 

however, iron pkotoiaserts into the CC single bond. 9 2 Thus both CC and CH 

bonds are potentially reactive sites. 

One particularly intriguing prospect for the Cd-CiH2 system is the formation 

of Cd'CaCHj. The rearrangesMat of acetylene to vinylidene has a high 

barrier, but metal u2-alkyne complexes rearrange with facility near room 

temperature. 9 3 In the proposed scheme, this barrier would be overcome 

photocbemically instead of thermally and the viaylideae moiety covalently 

stabilised by the metal atom. la fact, the x-adduct of nickel with acetylene 

undergoes just such a reaction, photocaemically rearranging to give nickel 

vinylideae with long-wavelength (k > 400 am) irradiation, while shorter 

wavelengths regenerate the * complex. 9 4 Ab initio calculations show that 

the rearrangement of Be( 3P) + HCCH to BeCCH2(3B2 ground state) oa the 

triplet surface is both barriertess and quite exothermic (AH < -60 

kcal /mol) , 3 5 suggesting that tab scheme is not aa irrational oae for 3 Cd. 

which has the same (at, ae) outer electronic configuration as 3 Be. Another 

interesting possible channel is the formation of a metallacyclopropeae, 

which can be thought of as a tightly bound metal n2-alkyae complex. 9 3 Only 

metaMigated examples are kaowa at ordinary temperatures,96 but matrix 

conditions provide an optimal opportunity to trap aa ualigated 

metallacyclopropeae. 9 9 Finally, like cyclopropane, acetylene has the 
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advantages of a rich mercury-sensitized chemistry.3 excited states in the 

appropriate energy range, 9 7 and a simple infrared spectrum. 

Unfortunately, neither of the alkyaes examined yielded substantive evidence 

of metal atom chemistry. The lone infrared feature observed in one 

acetylene experiment holds out some possibility of reactivity in that system, 

but the lengthy photolysis time and lack of accompanying features are not 

encouraging, although the experiment should be repeated before being 

written off entirely. Again, perhaps the Involvement of 4 orbitals Is a 

prerequisite to reaction, or Cd excitation energies are insufficient, and 

concentration and oscillator strength problems may again come into play. 



CONCLUSIONS 

The study of metal atom photochemistry has a long history, yet many questions 

remain unanswered. The factors that control the competition among the 

primary photophysical and photochemical events have yet to be fully 

understood, and for iu the ability to stabilize otherwise transient intermediates 

for leisurely study, matrix isolation photochemistry is one of a number of 

complementary methods which can contribute to the unraveling of these 

processes. The group 12 metals are a particularly interesting subset of metal 

atoms for such investigations, since chemical factors such as valence-shell 

electron configuration can be held constant while varying spin-orbit 

coupling and thereby access to reaction surfaces of different multiplicity. 

To this end, a Knudsen cell deposition apparatus was designed and found to 

provide improved control of some parameters involved in matrix sample 

deposition. As an outgrowth of preliminary spectroscopic studies to 

characterize the new apparatus, some intriguing matrix- and transition-

dependent effects on frequency shift and oscillator strength of matrix-isolated 

cadmium atoms were recognized. Reactions of excited Cd atoms with several 

organic substrates were attempted, aad despite some experimental difficulties, 

observation of pbotoprodwcts from two haloethenes is evidence that Cd ( 3 Pi ) 

was successfully generated in the matrix. Representatives of other classes of 

organic molecules, alkynes aad the small, highly strained cycloalkanes, were 

not found to be reactive toward either triplet or singlet excited states of Cd, and 

some possible reasons, both technical aad chemical, for this lack of reaction 

are suggested. 



In summary, although no successful excited-state reactions with cadmium are 

reported, some promising indications are seen. Clearly selection of 

appropriate molecules for such studies is a complex endeavor, but one well 

worth further attention. Thus it is hoped that future studies will provide new 

details of the dynamics of metal-atom pbotosensitization and further broaden 

the understanding of chemistry on electronically excited hypersurfaces. 
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APPENDIX A: 
Thcrmochemlcal Relations ror the C2H2CI2 System 

Dichloroethenes. 

A. Ground states. 
AHf(/ra<u-DCE) • +1.2 kcil/mol; AHf(cfe-DCE) -« +1.0 kcal/mol; 
AHf(l,l-DCE) * +0.6 kcal/mol. Energies for ail other species are 
henceforth relative to ci*-DCE. 

JosM, R. M. /. Mocromol. Set. Chem. 1974.18, 861; cited in 
Cartiand, H. E; Pimentel. 0. C J. Pkys. Cktm. 1916,90, 5485. 

B. Excited states. 
1. MC2H2CI2]*: k*.**) Mate, absorption tail to near 240 nnt -
120 kcal/mol above ground state. 

Berry. M. J. / . Cktm. Phys. 191 A, 61, 3114. 
2. 3(C2H2Cl2]*: 3(*.**) state. 89-91 kcal/hwl above ground state. 

Koerting, C. F.; Walzl. K. N.; Kuppermana. A. Cktm. Phys. Lett. 
19t4.109, 140. 

Elimination Products and Related Intermediates. 

A. Ha + C 2Ha. 
1. Ground state, +23 kcal/mot: from standard bond energies, 
including -1.8 kcal/mol inunction energy from hydrogen bond. 

Banes. A. J. J. Mot. Struct. 1913.100, 259: cited in 
Cartland. H. E.; Pfanenid, G. C / . Phys. Chem. 19S6,90, 5485. 

2. H H C H ' ^ F C I excited state. +149 kcal/mol: A ln state of HO. 
44.000 cm' 1 - 126 kcal/mol above ground stale. 

Heizberg, G. Molecular Spectra ami Molecular Structure, vol. I: 
Van Nostrand: New York, 1950; p. 534. 

3. Ha* 1[C2Ha]* excited state. +138 kcal/mol: from absorption 
spectnim of C2HCI. 40,000 cm*1 • 115 kcal/mol above ground state. 

Evans, K.; Scneps. R. S.; Rfce, S. A.; Heller, D. / . Chem. Soc. 
Faraday Trans. 11 1973,69, 856. 



4. HC3^[C2Ha]* excited state. +11S kcal/mol: by analogy with 
C2H2. triplet of sane syaaetiy 20 kcal/mol below lowest singlet. 

Uscfcka. H.: Karpfen, A. Chtm. Phys. 19S6. 102, 77. 

B. 0 2 + ^ 1 2 . 
1. Groand state. +31 kcal/aol: from standard bond energies, 
including -1 kcal/aol interaction energy. 

Camand. H. E.; Piaentel, G. C / . Phyt. Chtm. 1916.96, S48S. 
2. 1(Cl2l*C2H2 excited state, +125 kcal/aol or more: l n , state, 
indistinct onset. 

Hater, K. P.; Herzberg, O. Contumtt of Diatomic Molecules-, Van 
Nottraad Reinhold: New York. 1979: cited in 
CnttUad. H. B.; Ptmenttl, 0 . C. / . Hers. Cham. • « , 90, 5415. 

3. ' (C laKiHj excited state, +104 kcal/snol: 3n 0

+ « state. 11,310 cm' 1 

• S2 kcal/aol above ground state. 
Henberg. G. McL.ular Spectra ami Molecular Structure, vol. I; 
Van Nbstraad: New York. 1950: > 519. 

4. Cl2*t(C2H2]* exciad state. +172 kcaVnwl: *Am state. 42.191 cm' 1 

« 121 kcal/aol above groand state. 
Henberg. 0 . Molecular Spectra ami Molecular Structure, vol. 
Ill: Van Nottrand: New York. 1966: p. 611. 

3. d2*3(C2R2l* exdad state. +146 kcal/aol: 3 K , ( 3 i \ ) mam 
(lowest triplet) 93 kcal/aol above groand state. 

Liacaka. H.; Karpfen. A. Cham. Phyt. 19i6.102, 77. 
6. O r l C C H 2 graend state. +93 kcaUaot: AE(HCCH -» CCHi)-44 
kcaVsaoU phis HCCI' groand state energy. 

Ervin, K. M.; Ho. I.: Llntberpr, W. C. / . Chen*. Phyt. 19S9.91, 
3974; Caen. Y.; Joans. P. M.; Kasey. J. L.; Pleld. R. W. J. Chtm. 
Phya.lH9.91, 3976. 

7. CV»tCCH2]* excited stale. +143 kcaUnol: AE(So-Ti)«4S 
kcal/aol, ntas Cfe^CCIU energy. 

Erva, K. M.; Ho. J.: Liasbsrgar. W. C. / . Cham. Phyt. 19S9.91, 
3974. 

1. Groand state, +39 kcal/aol: froa standard bond energies. 
Cantand. H. E.; Piaeaal. G. C /. Phyt. Chtm. 1916.90. 3415. 

http://Phya.lH9.91


2. H2*1[C2Cl2l* excited state. +154 kcal/mol: by analogy with 
C2HQ. 115 kcal/mol above ground state. 

Evans. K.; Schepe. R. S.; Rice. S. A.; Heller, D. / . Chan. Soc. 
Faraday Trans. II 1973.69. 836. 

Free Radical Products and Intermediates. 

A. H + C2CI2H ground state. 4-107 kcal/mol: by analogy with H 
dissociation from vinyl chloride. 

Ctruand. H. E.; Pimemel. 0. C. /. Phyt. Cham., in press, 19S9. 

B. a+cjtfcci. 
1. Ground stau. +12 kcal/mol: from standard bond energies. 

Cardand. H. E.; Ptaeottt. 0. C. /. Phys. Cham. 1916. 90, 3413. 
2. Q + C2H2Q* excited state. 4-121 kcal/mol: by analogy with C2H3 
A state. 46 kcalAnol above ground stale. 

Wodtfce. A. M.; Wntsa, E. J.; Soaorjai, J.: Lee, Y. T. submitted to 
Isr. J. Cham., February 1919. 

C a * a + C2H2 ground state. +109 kcal/mol: Do(Cl2> - 37 kcalAnol, 
plus ground state energy of Cl2»C2H2 (less interaction energy). 

Pimentsl. O. C; Spratky. R. D. Uitdarstandiitt Chamistry; 
Holdon-Day: Oakland, 1971; p. 904. 

D. a + H 4. C2HCI ground state, +121 kcal/mol: Do(HCI) - 103 keal/mol. 
plus ground state energy of HCl*C2HCi (less interaction energy). 

Pimintil. G. C; Spratky, R. D. U*danuuuU*g Chamtstry; 
HoUen-Day: Oakland, 1971; p. 902. 

E Q 4- HCI • C2H ground state. 4-133 kcnt/urnl: 
1. Dn(HCC-H) > 127 kcalAnol « AH(C2H2 -» C2H 4- H) 

Segal, 1.; Uvi. R.; Wen. Y.; Wittig. C / . Phyt. Cham. 19S9.93. 
7217; Green. P. 0.; KiMey. J. L.; Field. R. W. / . Cham. Phys. 1919. 
91, 3160. 

2. AHKC2H) > oH((C2H2) 4- Do(HCC-H) - aHf(H) 
- 5 4 + 1 2 7 - 5 2 - 1 2 9 kcal/mol. 



3. AWC2H2CI2 -» C 2 H + H O + a > 
« AHKC2H) + AHrfHCl) + AHrfCl) - AHKC2H2CI2) 
« 129 + (-22) + 2 9 - 1 - 1 3 5 kcalAaot. 

Ftaauel. G. C; Spradey, R. D. Undtrstandint Chemistry; 
HoMra-Day: Oakland, 1971; pp. 191-900. 

Xenon-Qxnplexed Pndiicu and Intermediates. 

A. Xed + C t f ^ . 
1. Grand MMt. +11 kcalMol: Xe-Cl inunction energy, 0.8 
teal/awl btlow free CI + C2H2CI (• X«). 

Backer, C H.; Valentin!. J. J.; Caaavocchia, P.; Sibener, S. J.t Lte, 
Y.T. Chtm. fhyt. Utt. 1979,61, 1. 

2. (Xe+a->* • C2H2a excited state, +172 kcaMnol: t3 .94eV-91 
kcal/nwl above fro—d atate in solid Xe. 

Last. I.; George, T. P. 7. Chtm. fhyt. 1917,86, 3787. 

B. (Xe2+Cl-)* + C2H2CI excited state. +139 kcalMot: 3.35 eV « 77 
kcal/nwl above grand state in solid Xe. 

Fajardo. M. E.; Apkarian, V. A. / . Chtm. fkyt. 19t(. 85, 5660. 

C <Xei2*Cl-)* + C2H2a excited state. +172 kcaMnol: 3.89 eV « 90 
kcalAnol above gronnd state in solid Xe. 

Last, I.; George. T. P. / . Chtm. fhys. 1917.86, 3787. 
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APPENDIX B: 
Taoraocheaistry of Sclccttd Protoa Traasfer Reactions 

I. HF+HCN-»HFH+ + CN-

HF + H+-* HFH+ 

HCN-»H+ + CN-

AHi«AHb + AHa 

--117 + 351 

- 234kctl/moJ 

AHb « -117 kcal/mol1 

AH, - 351 kcal/aol2 

ii. Ha+Hcca-*HaH ++cca-

HCUH+-»HCIH+ AHb --135 kdyWoJl 

HCCa-»H*-+CCCT AH» < 367 kcal/mol (by aaaiogy with HCCF)2 

AHn>AHb-)-AHa 

< -135 + 367 

< 232 kcal/not 

lUu. S. G.; Utbaaa. J. F.; Leva. R. D. /. fkp. Chm. Rtf. Dot* 19S4,13, 695. 
2Uat, S. O.: BaflaoM. J. B.; Uobaaa. J. P.; Holaos. J. L; Uva. R. D.; Mallard. 
W. G. / . Pkyt. Chm. Rtf. Daml9U,17, applaaw 1. 


