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Matrix Photochemistry of Small Molecules:

Influencing Reaction Dynamics om Electronically Excited Hypersurfaces
Sandra L. Laursen
Abstract

Investigations of chemical reactions om electronically excited reaction
surfaces are preseated. The role of excited-surfsce multiplicity is of
particular interest, s ars chemical resctivity amd emergy transfer in
sysiems ia which photochemistry is isitisted throwgh a metal atom
“seasitizer.” Two approaches ars emiployed: A heavy-stom matrix affords
access (o forbidden triplet reaction swrfaces, climinating the need for a
potentially reactive seasitizer. Later, the role of the metal atom in the
photoseasitization process is examined directly.

Photolysis of 1.2-dichiorosthene in zemom matrix gives a product not seen in
Kr, ClzeC2H2a, 88 weil as products common 10 both matrices, the x-hydrogen-
boaded complex HCI-CaHCl and the cis-trens isomerization product.
Comparison with prior Hg (3P)-seasitized results shows that the new product
is formed oaly om a triplet reactien sueface, accessed via matrix-indeced
intersystem crossing eahaacsd by the exieraal heavy stiom. Prodwct
formation in Xs at photon smergies below the S| threshold indicates that
direct excitation 10 ibs reactive triplet surface also occurs.

At photolysis energies low in the $; mmmifold, chiorine is sliminated from
1,1-dichlorocthene in solid Xe, but not in Kr, further evideace of triplet
surface chemistry and a matrix heavy-stom effect. At higher emergies, a
novel product appears, idestified a8 a second HC]-C2HC! isomer, o-hydrogen-


http://Hypersurff-.es

bonded through the acetylenic proton. The prodect dependence on

waveleagth, parent, and matrix indicates that it is formed through a triplet-
surface process under geometric conmstraints specific o the 1,1 isomer. Loss
of C1 from a dissocistive triplet state to form an excited chlorovinyl radical,

with further cage reaction of the emergetic fragmemts, is pe:iv'ited.

Studies of Cd photossnsitization were initiated after desi:1 and construction
of a Knudsen cell source. Absorption studies of Cd ia rare gas matrices agree
with prior work buwt revesl mew details of matrix effects on electronic
specira. In particular, matrix treads ia frequency shift depend on the
multiplicity of the upper state, as may oscillator streagth changes between
the matrix and gas phases. Representstives of two hydrocarbon clagses,
cycloslkanes and alkynes, wers uarsactive in the pressnce of excited Cd
atoms, aad possible reasoms are discussed.

G'ajf C. Pouatal /?/m, 7 ear



"Only God can make a tree, but George can make a chemist—me."

—from a fortune cookie

dedicated 10 my grandmothers,
Metta Laursen aad Karea Chrlmm-‘rmkn;
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Chapter 1

Xenom Marix Photochemistry of the 1,2-dichloroethenes



INTRODUCTION

Halocthene 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, Cl, Br) is the most common reaction pathway for photoexcited
mono- and dihaloethenes in the gas phase, although isomerization, Cl atom
detachment and molecular Cl2 elimination have also been reported.S VUV
photolysis of the dichloroethenes isolated in cryogenic matrices likewise

yields HCl and its matrix cage partner C2HCl as the principle products.6.7

However, receat matrix isolation studies 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 climination product$.9.10.11
For both chlorodifluoroethene and dichloroethene, insertion of Hg into the
CCl bond occurs upoa selective excitation of Hg codeposited with the olefin in
krypton matrix. The formation of the orgamomercaric halide indicates that
chemical reactivity plays a role in photosensitization along with energy
transfer, and exemplifies the type of tramsient reaction intcrmediates which

participate in the seasitizatior process.

The second importast realization from these studies is that matrix photo-
chemistry of thess molecules is comstrained 0 the reaction surface of the
initial singlet OI’ triplet excited state. For cis- aad 1,l1-dichloroethene in solid
krypton, chlorise climination occurs wpom Hg (3P)-semsitized photolysis, but
not upon direct simglet excitation, indicating that the Clz eclimination
channel is made accessible via triplet excitation. This aspect, namely the
extent to which the photochemistry is determimed by the initial excitat’ ‘n
surface, has been the focus of these investigations of the photochemistry of

1~



the 1,2-dichlorocthenes 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 cpectroscopy
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 rotationsl structure permit sven complex reaction mixtures to be
distinguished. Morsover, the cryogenic temperatures and inert gas solvents
inhibit secomdary reaction and bhelp stabilize nommally reactive transient
species 30 that primary reaction processes can be discemed. Onme twist here,
however, is that the matrix material plays a dynamical role and thus cannot
be coasidered completely "iment." Siace very little thermal energy resides in
the cryogesmic system, the use of laser photolysis sources allows preparation
of a marrow distribwtion of initisl states and thus facilitates determination of
reaction omset emergies, braaching ratios aad quamtum yiclds, information

which bhelps to map hypersurface comtours.

Presented bere is the photochemistry of cis- aad rrams-1,2-dichloroethene in
xenom matrix, wsing laser aad Hg-Xe lamp irradistion at wavelengths longer
than 200 am. Comperison with the resuits in Kr matrix allows elucidation of
reaction dynamics oa surfaces of different multiplicity, while variations of

the photolysis wavelength gives specific information about the reaction

surface contours involved.



EXPERIMENTAL SECTION

The cryogenic apparatus, infrared spectroscopy, and Hg-Xe lamp photolysis
were cssentially the same as those described by Cartland and Pimentel.? In a
typical experiment, 0.5 mmol of a xenon/dichloroethene mixture at M/R
(marrix/reactant) = 100 was deposited with a flow raie of 0.3 mmol/hour onto
a Csl substrate (Harshaw) held ai 25 K with an Air Products Displex model CS-
202 closed-cycle helium refrigerator. The matrix was cooled to 12 K for
subsequent spectroscopy and photolysis. Gaskets of 0.015-in indium foil
(Iadium Corp. of America) held the substrate in good thermal contact with
the copper sample holder. Tempersture was momitored with an Au (0.07% Fe)
vs. chromel thermocouple mounted om the cold tip and could be adjusted with
a resistance hester. One apparatus (used with the IR44) was equipped with a
digital temperature imdicator/controller (R. G. Hansen and Associates), while
the other was supplied separately with a varisble power source for llte~
heater and a digital multimeter for thermocouple voltage readout. Kr was
ideposited at 20 K and Xe & 25 K. The cryostat could be rotated 180° to permit
exposure to the deposition ports, IR interrogation beam, or photolysis

sources.

Infrared spectra were taken with aa IBM-Bruker IR97 FTIR spectrometer, or
in some experimeats with sa IBM IR44 FTIR. All laser photolysis

experiments were performed om the IR97. Both spectrometers were equipped
with a globar sourcs, Ge-coated KBr beam splitier, and liquid nitrogen-cooled
Hg/Cd/Te detector. Spectra were collected betwees 4000 and 400 cm-! with a
resolution of 0.5 cm"! and were referenced to a spectrum of the external Csl

windows and cold (12 K) substrate. The sample compartment was scaled and



purged with pitrogen to minimize gas-phase H20 and CO; 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
exte.uively in the studies reponted thers. Spectra were recorded in
transmittance mode against the nitrogen-purged reference compartment.

In UV studies, cryosiat windows and substrate were of BaF; or CaF; (Harshaw)
and the bascline was electromically adjusted st room tempersture, thenm re-
recorded &t 12 K.

Photolyses were performed with both mosochromatic and broadband light
sources. The second harmomic (532 mm) of a Quasta-Ray DCR Nd:YAG laser
was used 10 pump a PDL-1 pulsed dye laser equipped with a8 WEX-1 wavelength
exteasion system with KDP mixing crystals. Geaerstion of the dye second
harmonic in the WEX and mixing of this with the 1.064 uym fuadamental of
the Nd:YAG laser emabled tunability of the nhotolysis wavelength over the
range 217-26S am. In thess experimemts rhodamine 640 dye (Excilon) was
used 10 attain a photolysis wavelength of 237 am. Typically the laser power
at a pulse frequency of 10 Hz was 700 ul/puise at the target as measured with
a Scieatech 330105 powser meter. Some experiments were .also performed
using the fourth harmomic of the Nd:YAG laser at 266 am. Photolysis
inteasities are reported here as milliwatt-hours (mWh), the product of
photolysis time and average power.



Photolyses were also comducted with a focused 1000-W high pressure Hg-Xe
arc lamp (Hamovia model 977-B1) mounted in aa Oriel model 6140 air-cooled
housing and equipped with a 2-in f/1.0 UV-grade fused silica, two-clement,
focusing lens aad a 3-ia water-cooled water filter. Broadband photolyses
were limited to waveleagths loager than about 200 nm by the air cutoff, or to
narrower regions by appropriate filters. Normally a 1-in aperture was used
to resirict the lamp beam to a size near that of the substrate, in order to
minimize radiative heating of the copper sample holder.

The dichlorocthenes wers obtained (rom Aldrich with reported purities of
97%, cis-dichlorosthene (cis-DCE), and 98%, trans-dichioroethene
(¢trans-DCE). The liquids were traasferred to bulbs under aitrogem in s
glovebox amd degassed using liquid nitrogena. After cryogenic distillation at
-77° C (CO2(s)2-propescl) the reserved middle fraction was stored in the
dark at -20° C. Acetylene (Pacific Oxygea Co., 99.5%) was bubbled through
concentrated H2S804 to remove acetome, bulb-to-buid distilled from a -77°C
slush bath 10 a liquid nitrogea bath, and trested with a freeze-pump-thaw
cycle before mixture preparstion. Chlorine (Matheson) was of uncertain
vintage and purity and was mot further purified. Xemom (Airco 99.9995%)
and kryptoa (Airco 99.995%) wers wsed withowt further purification.
Matrix/reactant mixtures, 100:1 umless specified otherwise, were prepared at
pressures of 10°3 torr or less, using standard mamometric techmiques. on a
mercury diffusion-pumped mamifold with gressed stopcocks (Apiezom N) aad

mineral oil-covered Hg manometer.



RESULTS

Xenon Matrix Infrared Spectra of the DRichloroethenes
Table 1 lists the IR absorption features observed for the 1,2-dichloroethenes

in xenon matrix at 12 K. Spectra cam be seen as negative festures in the
difference spectra of Figures 3 and 6. Vibrational mode assignments are
made by amalogy with the krypton matrix spectra of reference 9, hereafter
referred 10 as I. Evea unmder carefully controlled deposition coaditions the
xenon samples generally exhibited greater spectral complexity than the Xr
equivalents, including mors sxtensive splitting and broader and more
variable lineshapes, as well as the wswal matrix .fnqmcy shifts (1-7 cm-!).
Lines assigned to specific perturbations are noted as such in the table; other
additioul lines are assumed to be dwe 1o site splitting or aggregation.

Matrix UV Spectra of the DRichloroethencs

Traasmittance 'spoctn were recorded for 1:100 matrices of all three
dichloroethenes in Kr and Xe and all showed a smooth, featureless rise
starting oear 230 am, although scattering from the matrix made it difficult to
determine the true omset. As our imerest lay primarily ia the possible
spectral differences between matrices, rather thaa ia the absorbing species
itself, crude spectra were caiculated for comparative purposes. A few data
points in the regiom of interest (200-235 nm) were coanverted 10 absorbance
units, the cold substrate background mormalized owt, and the matrix
scattering linearly extrapolated from the absorption-free lomg-wavelength
region and subtracted. These corrected curves are showa im Figure 1 for all
three DCEs, and in all cases the xenom matrix spectrum is red-shifted from
the kryptoa spectrum by 2-4 nm.



Table 1:

Xenoa Matrix Spectra of the 1.2-Dichloroethenes

cis-dichloroethene/Xe 1:100

trans-dichloroethene/Xe 1:100

v, cm°! Assignment v, em-! Assignment
3084.0 (m) vy, asym. CH wr. 3090.8 (m)2 vy, CH sur.
3081.6 (w) 3084.5 (w)

1589.9 (s) 1665.2 (w) ?
1588.9 (vs) va, CC ar. 1658.7 (w)

1586.9 (m)

1565.5 (w)b

1564.3 (w) Va+ V10

1562.4 (w)

1298.7 (m) vy, in-plase 1196.8 (s) v19. CH bend
1297.8 (m) CH bead

1278.3 (w) V4 +Vv1

857.5 (vs)®  vjo. asym. CCl mr. 904.8 (3) vs, CH bend

255.7 (vs) 901.4 (m)

$54.0 (m)

8504 (m)

715.6 (m)® va, sym. CCl ar. $19.0 (vs)® vi1. CCl atr.

712.6 (m) 8170 (m)

709.3 (w) 815.8 (s)

$13.1 (m)

6979 (vs) vi12, owt-of-plame

696.9 (s) CH bead

695.7 (m)

$68.7 m)® vy, CQ1 deform.

566.4 (m)

3Rclative peak heights: w=weak, m=medium, s=strong, vs=very sirong

bSplining dwe 0 35/37C1 isotopes.



absorbance (normalized and corrected

Figure 1: Matrix UV Spectra of the Dichloroethenes
(see text for correction procedure)
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Ehotolysis of cis-dichlorocthene

Onec howr of 237 am photolysis (7.2 mWh) of an 0.51 mmol cis-DCE/Kr matrix
(MR = 100) resultﬁd in the difference spectrum shown in Figure 2. The
product frequencies, listed in Table 2, are in good agreememt with those
observed upon broadbaad (A > 200 nm) Hg-Xe lamp photolysis of a similar

sample in I, Thuthphooopmducrsun‘innmnentobethesmulhe_

products of broadbamd UV imradiation: the isomer trans-DCE and the T-
shaped, hydrogen-boaded complex HCI*CaHCl. Additional bands seen in
Figure 2 caa bs assigned to amnesling of stroag parent cis-DCE festurss and
to CO2 sad H20. Four bours of Hg-Xe lamp irradistion through a Pyrex cuto!f
filter (A > 300 am) caused no spectral changes in a cis-DCE/Kr 1:100 sample
at 12 K except for apparent amnealing of the cis-DCE parenat.

For an 0.51 mmol cis-DCE/Xe matrix (M/R = 100), photolysis a¢ 237 am (3.2
mWh) gave the difference spectrum im Figure 3. The product band positions
are listed in Table 2. By comparing the product frequencies with the
trans-DCE/Xe data in Table 1 and the Kr photoproduct absorptions in Table 2,
two of the producis cam be identified as those also observed in krypton.
Strong bands at $18.9/815.9, 904.9/901.5, 1196.7 aad 3090.5 cm-! (descending
intensity) masch wp with features of trans-DCE, aad bands at 3312.0/3328.6,
2107.7, and 602.7 cm-! correlste with the three strongest absorptioss of the
chloroscetylens-HC! complex. The remaiming prominent festures st 3264.4
cm-! and the dowblet at 727.9/736.4 cm-! indicate the preseace of a2 new
photoproduct aot formed in kryptoa under the same condivioms. This can be
recognized as the acetyleme-chlorine cage pair produced in I by mercury-
sensitized photolysis of cis-DCE in Kr matrix. Growth curves, displayed in
Figure 4, indicme that all three producis are primary photoproducts. In.

10



Table 2: Products of 237 nm Photolysis of cis-DCE

cis-DCE/Kr 1:100 cis-DCE/Xe 1:100
(7.2 mWh) (3.2 mWh)
v, cm-1 v,cm-l Assignment
3334.1 (.003) 2
3328.6 (.008)
3318.0 (.007)
3308.7 (.004) 2 3312.0 (.012) C v HCI-C2HC1
3277.1 (.002)b
3264.4 (.009) D v3 Cl2°C2H2
3090.5 (.003) A vg trans-OCE
2778 (.00%) 2829 (.002)
2767 (.004) 2771 (.002) C vg€ HCI«CoHC!
2113.1 (.001)
2109.2 (.006)
2099.8 (.004) 2107.7 (.009) C v2 HCl«C2HCI
2102.8 (.004)
. 2099.8 (.003)

1199.1 (.010) 1196.7 (.009) A vi0 trans-DCE
908.4 (.011) 904.9 (.017) A v§ trans-DCE
903.5 (.015) 901.5 (.006)

902.1 (.009) $98.6 (.003)

$99.0 (.005)

823.2 (.051)d $18.9 (.027)4 A v)1 trens-DCE

$20.2 (.034) 815.9 (.021)

$17.3 (.008) 813.0 (.004) ,
736.4 (.015)¢ D vs§ Cl3+C2H3
727.9 (.015)

602.4 (.004) 602.7 (.007) C v4 HCI-C3HCI

2Absorbances in parentheses refer 10 peak heights.

bSplir'ng dee to Fermi resomamce with combination bamd v2 + v¢ + vs.

CStrewching frequeacy for HC! submolecule.
dSplittings due 10 35737C1 isotopes.
€Splitting of degenerste x bend due to presence of Cly cage parner.

11
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summary, 237 am photolysis of cis-DCE in xenon matrix causes isomerization
to form trans-DCE, elimination of HCl to form HCl+C2HCI, and elimination of

Cl2 o0 form Clp=CaH2.

Three hours of irradiation of cis-DCE/Xe 1:100 with A = 266 nm (average
power 1S mW) produced absorptions at 818.9/815.7, 905.0/901.9, and 1196.7
cm-l, and a dowblet &t 736.3/728.5 cm'l. A portion of the difference spectrum
is presented in Figurs S. The photoproducts cam be identified respectively as
trans-DCE and Cl2°C2H2, and it is concluded that excitaion at 266 nm induces

slow isomerizatioa aad chlorine elimination from c¢is-DCE in xemon matrix.

Broadbaad (A > 200 am) irradistion of a cis-DCE/Xe 1:100 matrix produced a
product spectrum very similar to Figure 3. The oaly significant difference
observed was am owverall lower intemsity for the absorption features of
Clz¢C2H32, relative 1o those of the isomerization aad HCl elimination products.
A more dilute sample (1:400) gave the same products, with am overall
sharpening of both pareat aad product features. Diminishing of some
festures withia the lineshape of a given pareat bamd is indicative that
multimers contribute to the absorption at that particuiar frequency. Again,
the same photoprocesses are seea to occur uader both laser and lamp
photolysis in the uitraviolet, but bere with differing relative importance.

After 3.5 hours of Hg-Xe lamp photolysis of cis-DCE/Xe 1:100 through the
Pyrex filter (A > 300 am), small bwt distinct product absorplions appeared at -
$19.1/815.9 and 9052 cm-!, in addition to megativc pareat festures
698.1/697.2, $57.0/256.0, and 7159 cm-l. Thus, a slow isomerization of cis-DCE
to trans-DCE occurs upoa prolonged long-wavelength irradiation in solid Xe,
although noae took place ia Kr.
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Phatolysis of zass-dichlorocthene

Laser photolysis &t 237 nm (3.8 mWh) of an 0.58 mmol trans-DCE/Kr matrix
(M/R = 100) produced weak- absorptions at 861.0, 699.4, 1302.0, and 718.3 cm-!,
identified by comparison to I as cis-DCE. Weak bands were also produced at
2099.8 and 602.3 cm-l, indicating the presence of HCI-C2HCl, which may be a
product of secondary photolysis of cis-DCE. In luyptoa matrix, trans-DCE
photoreacts slowly at 237 nm to form the cis isomer and the HCl elimination

product.

In contrast, an 0.54 mmol sample of trans-DCE 1:100 in xenon was found to be
very reaclive when irradiated at 237 nm. Absorptions appeared after only 10
minutes of photolysis (0.6 mWh) aad became stromg with continued
irradiation, as can be noted in the differemce spectrum in Figure 6 aad in the
list of product absorptions in Table 3. Onae product, with principal festures at
698.0/697.0, 857.6/855.8, 1588.9/1589.8, 715.7/712.6 and 1298.6/1297.7 cm-l, is
casily recomed as the cis isomer. Absorptions at 3312.4/3328.7, 21079 and
602.7 cm"! belong to the-climination product, HCl-C2HCl, previously
identified, and the remaining promineat features at 727.9/736.4 and 3264.2
_cm-! are assocised with the Cl2°CaH product. Agsia, growth curves show
that all three species are primary photoproducts. The bands labeled K" in
Figure 6 were ideatified as CsNO3,12 produced in am earlier experiment by
reaction of NO2 with the Csl substraste. Thus isomerization aad the two
climiastions are the primary processes induced by 237 mm irradiation of

trans-DCE isolated in xemon.

Unfiltered Hg-Xe lamp photolysis of a trans-DCE/Xe 1:100 matrix gave a
difference spectrum similar to Figure 6, the most notable distinction being a

17
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Table 3: Products of 237 nm Photolysis of trans-DCE

trans-DCE/Kr 1:100

(3.8 mWh)
v, cm-1

trans-DCE/Xe 1:100

(3.2 mWh)
v, cm-l

Assignment

2781 (w) 2

2099.3 (.004)

1591.9 (.002)
1302.0 (.002)

$61.0 (.006)4
$59.3 (.005)

718.3 (.002)

699.4 (.005)

602.3 (.002)

3334.3 (.002) 2
3328.7 (.006)
3318.5 (.004)
3312.4 (.010)

3276.8 (.001)®
3264.2 (.005)

2830 (.002)
2799 (.002)
2772  (.002)

2109.3 (.003)
2107.9 (.006)
2102.0 (.002)

1591.5 (.003)
1589.8 (.006)
1588.9 (.008)
1587.0 (.003)

1298.6 (.004)
1297.7 (.004)

$57.6 (.011)4
$55.8 (.010)

736.4 (.015)¢
728.7 (.007)
727.9 (.014)

715.7 (.006)d
712.6 (.004)
709.7 (.002)

698.0 (.023)
697.0 (.013)

602.7 (.006)

Cc

vi  HClC,HCI

vy Cl*CzH2

vs¢  HCIC,HCI

v2  HCI*C2HC1

v2 cis-DCE
v9 cis-DCE
vig cis-DCE

vs  Cl*C2H;

v4 ¢is-DCE

viz cis-DCE

ve HCICHCI

3Absorbances in paremtheses refer t0 peak heights; w = weak.



bSplitting due to Fermi resonance with combination band v2 + v4 +vs.
€Stretching frequency for HCl submolecule.
dsplitting due to0 35/37C1 isotopes.

eSplitting of degenerate xy bend due to presence of Cl2 cage parner:
see text. .
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lower relative intensity for the Cly»CaH2 product. As observed for the cis
isomer, UV photolysis initiates the same photochemical reactions, but with a

relative importance dependent om the source.

Longer-wavelength (A > 300 nm) irradiation of a ¢trans-DCE/Xe 1:100 matrix
caused small depletions of the strong pareat features at 904.7 and 819.0/816.0
cm-l and growth of bands at 698.0 and 857.9/855.9 cm-! after 3 hours. As in
the cis-DCE/Xe cxperiment, photoisomerization procesds on a slow time scale.
In contrast, no new features were observed when ¢rans-DCE/Kr 1:100 was

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

Codeposition and Phosalvsia of CoH/Cly/Xe

Mixtures of C2H2/Xe 1:100 and Cly/Xe 1:25 were codeposited 0 give a sample of
approximate composition C2H2/Cl2/Xe 1:4:200. In sech a sample, assuming a
perfect statistical distribution, 19-26% of the acetylens molecules would have
a single chlorine neighbor, and 2-4% would have two Cly nmearest 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, 3280.5/3267.0, 1317.1 cm-!), bwt the mixed-sample
spectrum in the regions of the IR-active acetylene modes was sufficiently
complex to inhibit the spectral distinguishing of a small u-bu of dz-Csz
pairs from the very strongly absorbing isolated CaHg, multimers and other
acetylene-impurity complexes. The resuits of Hg-Xe lamp photolysis show
that such pairs were, however, preseat. After just 10 min wafiltered (A > 200
nm) irradistion, some paremt bamds were depleted up o 50%, aad 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"! indicate the formation of
C2HCIsHCL. The presence of trans-DCE is seen in festures at 319.0/815.3/813.4,



905.3/901.4, aad 1196.5 cm"l, and cis-DCE features appeared at 698.2/697.2,
857.8, and 715.8 cm-l. A number of additional features grew in with
pWym but were not identified: 843.1, 573.6, 1240.4/1237.5, 921.2, 973.8,
673, 1221 cm-!. Most are probably due to photoreactions of chlorine with
impurities introduced into the matrix by small air leaks or with the

uapurified chlorine sample.!3

Braaching Ratios

Relative absorption cosfficients wers determined as in ! in order to estimate
brasching rndu for the laser photolysis experimeats. For cis-DCE/Kr, the
integrated absorbence of the v3 cis-DCE band st 1590.9 cm-!, divided by the
oumber of millimoles of cis-DCE deposited, gave an effective extinction
coefficient of 94 cm-!/mmol. This is in good sgreement with the value
obtained by Cartland and Pimestsl in Kr, 87 cml/mmol.? In xesom the
effective extinction coefficiest obtained was 82 cm-!/mmol. From the .
experiment with trans-DCE ia Kr aa effective extinction coefficient of 52
cm-l/mmol was derived for vyp (1199.4 cm-1) of trans-DCE, which compares
well 10 that determined in I, 57.5 cm"l/mmol. Ia Xe this coefficiemt was
calculated 10 be 65 cm!/mmol. Comparison of the Kr matrix values suggests
that random errors are oa the order of 10%, whils the Xe coefficients

perhaps differ sligitly more.

Upon 237 am photolysis of aa 0.51 mmol cis-DCE/Kr matrix. the two products
formed were trans-DCE aad HCI.C3HCL The inteasity of the v cis-DCE feature
sustained an 11% loss afier ome houwr, and imtcgrated absorbamces of 0.023
cm-! for vig (1199.1 cm-!) of trans-DCE and 0.0045 cm-! for v2 (2099.8 cm-!)
of C2HCl were produced. Using the extinction coefficieat of 52 cm-l/mmol
-for vyg of trans-DCE (1), the cis-10-trans isomerization yield is 78%. The
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remaining 22% is thus auributed to the only other product, HCl+CaHCI;
however, comparison with the data to bc presented and with that in I
indicates that the extinction coefficient thereby derived for HCI-C,HCI is not

reliable.

Photolysis of aa 0.20 mmol matrix st 237 nm in xenon caused a 46% depletion
of the cis-DCE v baad inteasity after one-half hour. The following
integrated absorbamces wers obtaimed for the three products: vyig (1196.7
cm*!) of trans-DCE, 0.010 cm"!; vz (2107.7 cm"!) of HCI<C2HCl, 0.026 cm°!; vy
(3264.4 cm*!) of C13+C2H3, 0.020 cal. For trans-DCE, this converts to a 16%
yisld. The two elimisation products must then accowat for the remaining
4% of the pareat depletion.

For the trans-DCE experiment in krypton, the 237 am photoproduct
absorptioas of cis-DCE and HCI-C,HCl wers not sufficiently intease to permit
calculation of yields. Comparison of relative intemsities with other experi-
ments suggests, however, that cis-DCE is the major photoproduct and that
HC1-C,HCl is 2 minor, and possibly secondary, photolysis product.

Afer 1 hour of 237 sm excitation of aa 0.54 mmol matrix, the vyg trans-DCE
feature ot 1196.8 cm°! was depleted by 13%. Integrated absorbances were
measured for the thres photoproducts: vz (1588.9 cm-l) of cis-DCE, 0.024
cm-l; vz (2107.9 cml) of HCI'C,HCl, 0.022 cm"); and v3 (3264.2 cm]) of
Cl2¢C2H3, 0.0073 cm-!. This indicstes an isomerization yield of 43%, and a
combined yisld of 57% for the two climinstion processes.

At this poiat the yields of the two photoelimination products for the xenon
expariments caa be fownd by applying the method of simultameous equations

to the coaservation of mass for each reactios:



mmol parent depleted = I(mmol product) = E(A/e)

where A is the experimental integrated absorbance and ¢ the unknown
extinction coefficient for each phciprodect. Using product absorbances
from the cis- and trans-DCE/Xe experiments discussed above and the effective
extinction coefficieats derived for the two dichloroethenes, we obtain as
solutions extinction coefficients of 128 cm*!/mmol for v of HCI*C,HCl and 3S
cm-l/mmol for v3 of Cl2+C2H2. Mulﬁ yields from cis-DCE in xenon are
thus 16% trans-DCE, 22% HCI<C,HCl, aad 62% Cl3+C2H2. From trans-
dichlorosthens in xenom, the photoproducts are 43% cis-DCE, 26% HCI-C,HCI,
and 31% Clp¢eC3H3. In sach case, the new, chlorine slimination product is
formed im significant yield.



DISCUSSION

Structure of Cl2+CoH2 Photoproduct

The vibrational bands of the Cl2+C2H2 product in Xe show some interesting
spectroscopic differences from the same features in Kr. The vy CH stretch in
Xe shifts 2.6 cm"! to the red from the isolated acetylene frequency of 3267.0
cm-l, and the higher component of the Fermi doublet (v2 + v4 + vs) is
obsﬁned at 3.4 cm-! lower than the 3280.5 cm"! band of isolated C2H2/Xe,
although with less intensity than the low-frequency componeat. This .
contrasts with the ClzeC2H2 spectrum in Kr, in which the lower component
shifted far to the red (129 cm°l) of isolated acstylens, apparently far enough
to remove the Fermi resonance, since 8o second component was observed at

Tuming to the vs bead, a dowblet was observed in both Xe aad Kr, indicating
breaking of the D..j scetylens symmeotry by the chlorine cags partner. The
magnitude of the splitting is similar, 8.5 cm"! in Xs aad 6.2 cm-! in Kr, but
the average shift of the band position from the C2H2 vs singlet (727.7 cm-! in
Xe, 732.5 cm"! in Kr) is much smaller in Xe (+4.4 cm'!) than in Kr (+12.4

cm-l).
a
a |
Q
H—C = C—H-- :
Q H=Cm=ma C—H
Ty _ T,

The large blus shift of both vs compoments and the large downward shift of
vy, suggesting am acidic interaction of the CH bomd, led Castland and Pimentel



to consider an "end-on” structure as in T; more likely than the T2 structure
deduced for the HCI«C2HC! complex by McDonald et al.7 However, the smaller
average shifts of both v3 and vs for the Cl2*C3H3 pair in Xe more closely
resemble the behavior of the well-characterized, x-hydrogen-bonded
HX+CaH3 complexes with structure T3,7:14.15 and thus the T; geometry is
favored for the pnotoproduct in xenom matrix. In recent codeposition swudies
Ault has suggested the same structure for the acetylene complexes of Clz and
CIF in Ar matrix, with the halogen molecule acting as a Lewis acid toward the
CC bond.1§ The appearance of differeat photoproduct geometries in krypton
and xemon is mo doubt influenced by the difference in cage sizes in the two
matrices and the possibly differing number of substitutional sites occupied
by the reaciamt moleculs. Since, in the similar metal atom-sensitized
photoreactioa of vinyl chloride, the HCI*C2H2 photoproduct frequencies
were identical for all three semsitizers, Hg. Cd and Zn,!5 the presencs of the
metal atom in the krypton case is presumably not respoasible for the
spectroscopic differences discussed here, even though it may play a role in
the product geometry chanmge.

Sincmre of HCI-CoHCI Phasoproduct

The large degree of splitting seen in the spectral features of the x-hydrogen-
bonded HCl+C2HCl1 photoproduct of both cis- and trans-DCE deserves brief
comment. Splittings are probably dus 10 trapping in several slightly
different substitutional sites and searest-asighbor interactioms dus to
imperfect isolstion, as evidenced by the spectral simplifications which
resulted from dilwtion of wthe matrix. Significant differences of complex
geometry are expected to induce more subs._umtial spectral changes, as will be
seen in Chapter II. Of perticular note is the HCl absorption acar 2800 cm-!,



which is split into several bands of this sort. Over time additional bands
developed at 2838 and 2859 cm-l, corresponding to Q(0) an;i R(0)
rotation-vibration transitions of free HCl in solid Xe.l17.18  Apparently even
when hydrogen-bonded to chloroacetylene, hydrogen chloride undergoes

hindered rotation in the xemon cage.

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

near 190 nm but with a red tail reaching nearly to 240 nm.! 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 tluf some photochemistry does occur when
these compounds are irradisted at 237 nm, although this wavelength is
surely near the threshold of asbsorption. Consistent with the latter point ar;:
the small extemt of reaction (11% depletion of cis-DCE/Kr after 7.2 mWh) and
the observation that neither dichloroethene reacts when directly irradiated

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

As does broadband (A > 200 nm) photolysis, laser irradiatioa of cis-DCE in Kr
matrix induces formation of two products, traas-DCE and HCI-C2HCL. In
contrast, the same molecule in xenon reacts to form a new product, Cl2+CzH3,
in addition to those previously observed. Clearly, changing the matrix
material from krypton to xemom has altered the product distribution for the
photorsaction. The observatiom that assisted in the identification of the new
xencn photoproduct, that it is also formed via mercury photosensitization in
Kr, provides as well a clue to the reaction pathway. Cartland and Pimentel
() concluded that the Hg (3P)-imitiated Cl3 climination chemistry “takes

place (st least in the Kr matrix) on a triplet surface that is not accessed with



the higker cnergy, singlet excitation." In the Xe case, acess to a triplet
reaction surface could be facilitated by the heavy-atom mutrix eanvironment

through spin-orbit coupling.

237 nm Photolysis in Kr. The diagram in Figure 7, adapted from I, shows
the relevant cmergy levels for the reactants and possible products ia this
system. Souizes of the emergies which appear on this and other diagrams
are compiled in Appendix A. For A > 200 nm cxcitation, the singlet (x,x*) state
has been considered the major contributor to photochemical activity.!
Singlet (n,x*) aad (n.0*) stztes are also accessible in this energy regime,
paﬁicularly to the long-wavelength side of the bruad DCE absorption,
although these transitions have low oscillator strength and initiate little of
the gas-phase photochemistr;.l Since cis-trans isomerization is readily
accomplished probably only through the nonplanar (x,x*) state, it is
assumed that the observation of a sigmificant amount of trans-DCE
photoproduct in Kr means that the !(x*«x) traasition is being excited by the
237 nm photons. The possibility tha this isomerization is accomplished
through the triplet (x,x*) state, rather chan the single:, is eliminated by
noting that cis-DCE was unreactive during prolonged phoiolysis at A > 300 nm
in Kr. If the 3(x*ex) transition, with a vertical energy of 91 kcal/mol,!?
were active, the 95 kcal/mol energy imput should have caused formstion of
trans-DCE photoproduct. However, the possible influence on the

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

Following the argument of Canland and Pimentel (i), the absence of Cla
climination shows that, although a :riplet stae, Cla( A IBg*y)+C2H3, is
energetically accessible, triplet reaction surfaces are not invelved in the

photoreaction in Kr. [ntemal coaversion from ![CHCICHCI}* iato high
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vibrational stames of the ground singlet state would provide access to a singlet
ground-state surface with sufficient energy to form amy of the three
possible ecliminaion products. Since neither Clz nor Hy climination is
observed, this mechanism is not very satisfactory as an cxplanation for the
appearance of the HCI-C2HCl product. However, the ground state of Cl +
CHCHCI1 is also energetically accessible, so chlorine atom detachment could
follow excitation into the !(n.c*) state. The vibrationally hot BS-chlorovinyl
radical could then cither recombine with the Cl atom, forming
dichloroethene, or loss a hydrogea stom to form HCI-C2HCl. The observation
of cis- and trans-dichlorocthene as photoproducts of 1,1-DCE in Kr matrix
bears evidence that CCl boad rupture and recombination does occur in these

systems (I).

237 nm Phetelysis in Xe. Having noted the availability of a triplet excited
statc and the heavy atom effect of the xeamom eavironment, it is logical to
conclude that chlorine is climinated from 1,2-DCE through this 3[Cl2]*<C2H2
state via xenom-induced intersystem crossing from the initial simgiet
excitation surface. Intercomversion of isomers may be effected through
cither |[CHCICHCI]* or 3[CHCICHCI]® states. Some HCI climination may proceed
through a HCle3{C2HCl]* sime, estimated to lic about 20 kcal/mol below the
singlet chloroscetylene stme?0 by amalogy 10 acetyleme.2! Figure § shows
the energy levels aad resction pathways for the xemom matrix system.

The eahamced reaction rates in Xe over Kr, ss measured by paremt depletion
with photolysis time, can be ascribed to the opeaing of a mew reaction

channel in Xe. In addition. matrix UV absorption spectra (figure 1) show 2
red shift of the absorption omset in Xe 28 compared to Kr, suggesting that the
extinction coefficient at the 237 am photolysis waveleagth—very ncar the
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absorption onset—is higher in Xe than in Kr, although the data show no
obvious absorption im ecither matrix at 237 am. Such shifts in electronic
band origins with matrix material are well known for atomic species,!3.22

and have recently beea catalogued for diatomics.23

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 intersystem crossing aad triplet-surface chemistry. Indeed.
Morgan and Pimeatel have observed heavy-atom effects on emission
lifetimes and quantum yields for (dimethylamino)benzonitrile (DMABN) in
both Kr and Xe, relative to Ar.2¢ Although the rate comstant for
phosphorescence changes by a factor of 300 from Ar w0 Xe, that for
intersystem crossing chamges by a factor less than five. Furthermore, the
change in kjsc is just as large from Kr to Xe (1.8:3.3) as from Ar to Kr (1:1.8).
While these quaatitative results surely do mot apply here, they are
exemplary of both the magnitudes of matrix-induced rate changes aand the
variation of lhcn magnitudes among different processes, aand they also
provide aa opportuaity to mote the distinction betweea photophysical and
photochemical manifestations of the heavy atom effect. Clearly it is the rate
of intersystem crossing relarive 10 the rates of other competing reaction and
relaxation processes, which latter depend om the guest molecule as well as on
the matrix host, that is crucial ia chemically manifesting the heavy atom
effect. 'Por some molecules, the relative rate cahancement necessary to
observe a chaage in product distribwtion might be achieved by using Kr
instead of Ar, for example, but for the DCEs the beavier Xe matrix is required.

Broadhand Phosolysis in X

It is evident that the same matrix-induced intersystem crossing mechanism
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is at work in the Hg-Xe lamp (A > 200 nm) photolyses of cis- and tranas-
dichlorocthene in solid xenom, 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 Clz climination at A > 200 am compared with the 237 nm excitation. In
addition, as shown in the Cl3-C2H2 codeposition experiments, chlorine is
easily excited by the Hg-Xe lamp and reacts readily with ‘acetylene to form
HC1+C2HCl, cis-DCE and trans-DCE. Ault has also observed photoaddition of Cl;
across the CC triple bond of scetylens is Ar matrix.16 Thus secondary
photolysis of chlorine-acetylene pairs is presumed significant and inhibits

buildup of this product.

Perhaps the most convinciag evidemce for aa exieraal heavy atom effect on
the reaction dynamics is that provided by the longer-waveleagth photolyses.
Light with waveleagths (A > 300 nm) well below the singlet absorption onset
is sufficiently emergetic to stimulate isomeric intercomversion of DCEs in
xenon, yet has no cffect om kryptom-isolasted DCE. The excitation energy of 9§
kcal/mol exceeds the CHCICHCI T +S$¢ vertical transitioa energy of 89-91
kcal/mol.!? and the leagthy photolysis times meeded to cbserve products arc
consistent with spia-forbiddea clur.acm in the excited tramsition. In this
case the enhamced spin-orbit coupling of xenon promotes direct absorption
into the nomplamar 3(x,x*) state of CHCICHCI, from which relaxation to cither
isomer cam occur. Whea the excitation wavelength is 266 am, cis-DCE
undergoes both chlorine climination asd isomerization. The appearance of
Cl3+C2H3 signifies the accessibility of the excited state 3{Cl2]*+C2H3 ot a
photon energy of 107 kcal/mol. The assigned cnergy level of this state, 104



34

kcal/mol, is based on the 0-0 transition energy of Clz (A 3BgHeX!Z+g) and
would therefore be coansidered a lower limit if the two molecules do not
interact. Since this would imply a.very low barrier to Cl2 elimination

(Ea £ 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(Cl2]* and
ground-state acetyleme. Following a similar line of thought, Ault suggests
that absorption by a charge-transfer complex is responsible for the
reactivity of chlorine-acetylene pairs.!16 In any case, the experimental
resuits provide firm support for photochemistry om a triplet surface accessed

via xenon-agsisted imtersystem crossing.

Branching Ratios and Energy Storage

The ability to coatrol chemistry om electronic hypersurfaces has important
implications for photochemical enmergy storage. Figure 9 demonstrates the
changes in photochemical bramching ratio at 237 nm achieved by altering
the matrix material from Kr to Xe. Less tham 20% of the energy is stored by
the product HCI«CHCl, formed ia 22% yield from cis-DCE in Kr, while the
major product, :rens-DCE, at 78% yield, stores mo energy. Whea photolyzed in
xenon, however, both dichlorocthenes give a largs yield of a product
Cl2:C2H2 that sores over 40% of the photon emergy. at the expemse of the
encrgetically sewtral product. Thus selection of the reaction environment
for its spin-orbit cowpling characeeristics can bs a meams of directing the
photoproduct distribution toward more efficiemt emergy storage.

The difference in branching ratios from the two isomers raises the
interesting question of its origin. The relative yields of HCI-C,HCl are equal
within experimemtal emor, 22% from cis-DCE and 26% from treas-DCE, while



Figure 9: Branching Ratios and Energy Storage
for the 1,2-dichioroethenes 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 (x.x*) states are believed to be the same for
both isomers, with a dihedral angle 90° from the planar ground state,25.26
and thus should lead to the same ultimate product distribution, since the
excitation wavelength is close to the origin of the excited siate. The greater
chlorine yield from cis-diciomcthm. however, hints that the excited state
retains some memory of the geometry of the ground sime. In I it was
suggested that “"proximity of the two halogea atoms may be needed to
facilitate reaction with Hg (3P)." Hers no mercury is preseat, but proximity
agsia appears importast. In this case the matrix cage may well be
implicated, possibly comstraining free rotatiom about the CC axis in the
excited stste and thus making approach of the chlorine atoms more difficult
from aa imitial trans configuration. The similarity of the chloroacetylene
yiclds suggests that HCI-C,HCI is produced primarily through a.a-
climinstion, which would be little affected by such a comstraint, whereas
c!loﬂn must be a.p-sliminsted from these two isomers. The results in
Chapter II om 1,1-dichlorocthene will provide opportusity for additiomal
comment oa this isswe.

Compacison 10 Previons Wock

We have already discussed in detail the owicome of the presest study of DCE
photolysis in Xe as compared 0 the Kr matrix studies of Canlaad and
Pimentel. Obeervation of chiorine eliminstion in Xe supports their
conclusion that this process occurs om a triplet surface, whether accessed
through selective excitation of Hg (3P) aad imteraction of the excited
mercury atom with the reactasd, or through heavy-stom enhaacement of
intersystem crossing from the initial singlet excited-state surface.



Precedent for such matrix-induced intersystem crossing is scen in the work
of Collins and Pimeatel, who observed different products of the reaction of
imidogen with dimethylacetylene in Ar and Xe matrices and attributed this
difference to heavy-atom ecnhancement of the imtersystem crossing rate
from a singlet to a triplet surface.2?7 Changes in photoproduct distribution in
alleu-oz;u photoreactions in different matrices are similarly explained by
Singmaster and Pimeatel.28 Other external heavy-atom effects reported in
matrices include a progressive shonening of phosphorescence lifetimes in
heavier matrices, observed by Wright, Frosch and Robinson29.30 and, more
recently, by Morgan aad Pimentel,24 and fluorescence lifetime chmggs
from Ar to Xe in studies by Kelly and Rentzepis.3! Heavy-siom effects on
quantum yield have been obeerved in solution at room tempersture. Cowan
and Drisko found that addition of sa iodine-bearing impurity to a reaction
mixture emabled imtersystem crossing to the triplet surface and formation of
a differeat product,3? asd Plummer and Chikal rsed a heavy-stom solvent to
achieve a change in photoprodect distribution in their snw

procedure.3?

Other workers studying the photolysis of the dichlorosthenes in a matrix
have reported Cl2 elimination, as well as HCl aad H3 elimination and
isomerization, upom short-waveleagth (A < 200 nm) irradiation of all three
DCE isomers in Ar,6:7 N3, CO aad Kr.5 The presemt work tends to reinforce the
conclusion made in 1, that climinstion chemistry is dewermined by the
singlet or triplet character of the reaction swrface accessed, im comtrast (o
contrary speculations in these earlier studies.
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Photofragmentation studies of moso- and dichloroethenes in a molecular
beam are coesisteat with the preseat model. Umemoto et al. detect only
hydrogen chloride aad atomic chlorine as reactiom products upom 193 am
excitation and coaclude that molecular HCl elimination and Cl aom
detachment are the only primary photofragmentation pachways under
collision-free comditions.34 However, their experimental geometry is not
conducive to Clz determinatiom, thus it is not certain that this climination
does not also occur. With this cavest in mind, and with the exception of
isomerization, which they believe occurs om a slower timescale, the
photoprocesses they observe are the same as.in solid Kr, with chemistry
confined to simglet reaction surfaces only.

Work by Grabowski and Bylina preseats am imteresting complement to our
daa on DCE photochemistry in solid Xe.35 Whea they measured absorption
spectra of liquid 1.2-dichloroethenes uader a high pressure of oxygen they
fownd 3 mew, weak absorption in the regiom 300-400 am, which they assigned
to the T1«Sg tramsition. Selective excitation in this wavelength raage
resulted in cis-trans aad trens-cis isomerization with quantum yiclds near
0.5. They coacladed that isomerization procoeds throgh a triplet siste
common to both isomers, comsisiest with the preseat fiadings of
photoisemerization ia xenom bwt sot in krypion at A > 300 nm. Similardy, cis-
trans isomerization of 1.2-dichlorosthens occurred wpom SOz (3B))
seasitization w.> 371 am excitation 3¢ further evidence for triplet-siate

isomerization.
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CONCLUSIONS

The Cl2+C2H2 complex has been identified as a principle product of 237 am
irradiation of cis- ard i ans-dichlorocthene in Xe matrix, along with the =-
hydrogen-bonded complex HCI+C2HCl and the cis-trans isomerization
product. The sppearance of the chlorine climination product, not formed in
Kr, demoastrates that in xcnél chemistry is occurring through a triplet state
as well as from the directly excited !(x, %*) state. The heavy-atom
environment enhances spin-orbit couwpling and thus facilitates intersystem
crossing from the initisl singlet to a triplet surface, providing access to the
otherwise spin-forbiddea elimination chaansl. Observations of Cl3
climination and cis-trans isomerizstion in Xe, at photon emergies below the
singlet absorption threshold, show that the external heavy atom also assists
direct T1+Sg absorption.

It is evideat that spin-orbit coupling in the matrix eavironment has a strong
influence on the photochemical reactioa dynaniica with respect to the case
or difficulty of simglet-tripiet tramsitions. Thus selection of the matrix
material may be uwsed (0 effect chaages in products and branching ratios, and
to coatrol desirable properties such as capacity for energy storage,
exemplified hers. The photon saergy depeadence of various chaanels
provides a glimpse of surfice costowrs and energy relationships om the
electronically excited hypersurface and a hint of the importance of excited-
state compiexes in the photochemistry of these matrix-isolated species.
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Chapter 11

Xenon Matrix Photochemistry of 1,1-dichioroethene
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INTRODUCTION

Reasons for the selection of halocthenes in general, and the dichlorc;ethenes
in particular, for investigation of photochemical dynamics in a2 matrix have
already been detsiled in Chapter | and elsewhere.l:2.3.4 In particular,
Canland and Pimemtel 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 (3P)
scasitization.2 Prior studies in both gas and matrix phases, available
information on the excited states of resctants and products, aad case of
assigament of IR specira of these specics also comtribute to the overall
suitability of these molecules for the preseat studies. To funber probe this
surface depeadence without the complicating factor of metal atom
photoreaction, the xesom matrix studies were imitisted. The 1.2-
dichlorocthenes were cxamined first, as their chemistry was found to be
simpler, apparestly des t0 the misimal involvement of free radical
processes,? and these were found to demoastrate dramatically the effect of a
heavy-stom matrix oa the photoproduct distribution.4 '

Our interpretation of this effect as matrix-induced intersystem crossing is
most casily coafirmed through stedy of the third member of the family, 1,1-
dichloroethene. The cis and traas isomers are expected to, aad do, exhibit
similar photochemistry because they lie im proximity aloag a simple reaction
coordinste, roustion abowt the C=C bond. The goometry of 1,1-dichloroethene
places it omn a quite distinct portion of the grouad state surface, yet it shares
with the 1,2 isomers many of the same, well-characterized, possible
intermediate excited states amd products. This provides am opportunity to



generalize and further characterize the matrix heavy-atom effect without a
simultancous 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 am additional point of interest, for in this
isomer both climination processes of interest are geometrically limited, HCI
to the a,8 route and Cl3 to the a,a route, whereas in the 1.2 isomers oaly
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 thess molecules motivate examinstion of
the photochemistry of 1.1-dichloroethene ia Xe matrix, with comparison 10
the results in solid Kr. Ia addition to xenom-induced photoproduct changes
similar t0 those previously observed, a novel photoproduct is observed and is
characterized by isotopic 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 ome experiment, broadband infrared photolysis
(v < 5500 cm-!) was performed using the spectrometer globar source, filtered
through a S-mm germanium plate 10 remove any residual visible radiation.

All laser photolysis studies were performed on the IR97 imstrument, and Hg-
Xe lamp aad IR photolysis experimemts were donc on the IR44,

1.1-dichloroethens (1,1-DCE) was obtained from Aldrich (99%) and purified
and stored as for the 1,2-dichlorocthenes. The 2,2-dideuterated material was
prepared according to the method of Liebler and Guengerich.5 Briefly,
dichloroacetyl chioride and lithium aluminum deuteride were reacted to
make 2,2-dichloro-1,1-dideutcroethsnol.5 The cthanol was coaverted to a
tosylate with p-tolueae-sulfonyl chioride,” thea this was dehydrated with
DBU (diazabicyclo{5.4.0]undec-7-eme) 10 give the d3-1,1-DCE. Product purity
was verified by infrared and mass spectral amalysis, and the prodect was
stored & -20* C.
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RESULTS

Matrix Infrared Spectra

The infrared spectrum of 1,1-dichloroethene im krypton matrix has been
previously reported? and was reprodeced in this study. The spectrum of 1,1-
DCE isolated in xenon was similar 0 the gas phased and krypton-matrix
spectra, with the sdded complications of 8 marix shift of a few cm-! and the
more exiensive site splitting common in Xe. The dideuterated species, dz-1,1-
DCE, was studied only in Xe, and its spectrum was assigned by comparison
with the gas phase frequencies.8 Absorption frequencies and intensities for
both dihydro- aad dideutero-1,1-DCE in xemom matrix are reported for the
first time in Table 1, and their spectra can be seea as the negative feawres in
the difference spectra in Figures 2a-b and 7.

Matrix UV Spectra

As reported in Chapter I, transmittamce spectra were recorded for samples of
1,1-DCE in Kr and Xe, and corrected absorption curves are shown in Figure 1
in that chapter. Like 1,2-DCE, 1,1-DCE exhibits a structureless, broad
absorption beginning around 230 am, which is red-shifted a few nanometers

in Xe relative to Kr.

Ehotolvsis ia Kr matrix

Laser photolysis st 239 am (1.5 mWh) of 1,1-dichloroethene (1,1-DCE) 1:100 in
0.43 mmol Kr produces a number of new absorpticas in the infrared
spectrum, as scea in Figure 1. These, including some more readily visible
upon scale expansion, are listed ia Table 2 and can be ludily.auigned ad
identified with refereace to previows work om this system.2 Essentially no
further growth of these features occurred afier 1.5 mWh photolysis. Both
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Table 1: Xenon Matrix Spectrum of 1,1-dichloroethene

1.1-DCE/Xe da-1,1-DCE/Xe

1:100 1:100
v, cm-1 v,cm-"! Assignment
31214 b 2353.1 ab V2. CHy/CD3 as. str.
2247.2 (.009)
2239.7 (.016)
2237.3 (.022) v], CD2 sym. str.
16148 b 1560.1 (.110) v2, CC str.
1612.4 (.139)
1557.6 (.009)
1554.4 (.021) ?
1551.7 (.010)
1391.7 (.013) ?
1275.6 (.013) "1
1265.0 (.006)
1087.0 (.138) 979.5 (.437) vy, CHy/CD2 rock
1085.0 (.120) 978.0 (.331)
1076.8 (.053) 990.6 (.136) Fermi resonance?
1075.2 (.093) _ 986.6 (.171) :
1071.7 (.039) 983.9 (.147)
866.5 (.289) 693.83 (.191) v11, CH/CD, wag
785.6 (.244)C 695.6 (.440)° vg, CClz 3. str.
784.0 (.152) 692 (.048)
782.0 (.037) :
7454 b vs +v12
601.9 (.015)¢ 580.7 (.061)¢ v4. CClz sym. str.
599.5 (.032) 578.7 (.033)
5$96.0 (.020) ' 576.8 (.046)
439.3 (.057) vi2, CCl2 wag

SAbsorbances ia parentheses refer to peak heights; hy- aad d2-DCE
intensities msot sormalized to esch other. sh=shoulder

bweak
CSplining dwe to 35/37C1 isotopes.
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Table 2: Products of 239 nm Photolysis of 1,1-DCE/Kr

1,1-DCE/Kr 1:100
(1.5 mWh)
v, cm-! Assignment

3314.6 (.005)%
3310.2 (.010)

3308.7 (.014) C vy HCIC,HCl (x)
2778.3 (.013) C vgd  HCILC,HC (x)
27764 sh

2772.5 (.006)

2768.4 (.006)

2099.6 (.008) C v2  HCIC,HCI (x)
2098.7 (.003)

1590.9 (.004) B v2 ¢is-DCE
1298.5 (.002) B ve ¢cis-DCE
905.7 (.003) A vg trans-DCE
$50.8 (.003)¢ B vy ¢cis-DCE
349.1 (.003)

$23.1 (.006)¢ A v trans-DCE
$19.7 d

699.6 (.007)

696.7 (.010) B wvi2 ¢cis-DCE
615.2 (.00%)

601.8 (.012) C v4 HCIC,HQ (x)

S8Absorbances in paremtheses refer to pesk heights: shaghoulder.
bStresching frequescy for HCl submoleculs.

cSplitiag dus 1o I3/37C1 isotopes.

dwesk
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isomerization products cis- amd trans-1,2-dichioroethene are observed, as is
the T-shaped complex resulting from hydrogen chloride elimination,
HCIsC2HCl, while no evidence of the chlorine climination product, Cla+CaH3,
is seen. The laser-induced photoproducts are identical with the reaction
products observed by Cartland aad Pimeatel upon broadband (A > 200 nm)
irradistion with a high-pressure Hg-Xs arc lamp,2 and, as in that
experiment, HCI+C2HC! is the predomimast product.

Ehosolysis in Xe matrix

Upon 239 sm photolysis of aa 0.56 mmol 1,1-DCE/Xe matrix with MR = 100,
the photoproduct spectrum presested in Figures 2a aad 2b develops. Table 3
displays the frequencies and imtemsities for thess absorptions, a number of
which are again readily assigned o pholopmducu cis-DCE, trans-DCE, and
HCI-C2HCl. In addition, a strosg new dowblet &t 728.5/736.8 cm'! and an
additional dowblet at 3264.0/3277.8 cm-! are presest in the zpectrem and
idestifisble 23 Cl3*CaHz by comparison 10 the amslogous cis- and trans-DCE
experiments. Product growth curves, showa ia PFigure 3. indicate that all
four products are primary photoproducts. Ia particular, the characteristic
vs douwblet of the acetyleme complex is distinguishable at very shon
photolysis times, demoastrating that Cla+CaH3 is not formed solely via
secondary phowlysis of cis- or rers-DCE.

As seen in Figre 4, brosdbead (A > 200 am) irradistion of 0.50 mmol 1,1-DCE
in Xe results in stromng absorptions correspomding to both isomerization
products aad the HCl climinstion prodect. Sometimes a weak abeorption at
729 cm-! was also distinguishable, suggesting the presence of a small
quaatity of Cl3»Cz2Hz. Ia addition to thess previously identified products, a
sharp new baad at 3212.1 cm! was obssrved in all broadband photolysis
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Tzble 3: Products of 239 nm and Broadband Photolysis of 1,1-DCE/Xe

1,1-DCE/Xe 1:100 d2-1,1-DCE/Xe 1:100

(3.8 mWh) (2.4 mWh)

v, cm- 1 v,cm-1 Assignment
2599.9 (.005)2

3313.6 (.016)2 2596.4 (.008)

3310.9 (.014) 2594.0 (.008)

3308.7 (.024) 2590.1 (.034) C vi HCIC,HCl ()

3277.8 (.003)b.¢

3264.0 (.013) 2424.4 (.005)d D vy ClpCzH;
2284 (.002) A v trans-DCE

084 d 2276.7 (.003) B g ¢is-DCE

2772.1 (.019) 2009.7 (.013) C  v,® HCIC,HCI (x)
2006.9 (.009)

2106.3 (.004)

2°93.1 (.008)

2098.4 (7 3) 1964.4 (.010) C va HCLCHCO

1588.7 (.00 1576f B vy  cisDCE

1297.5 (.C04) 1042.2.(.017) . 3 v cis-DCE

1196.5 (.011) 910.7 (.012) A vio trans-DCE

904.8 (.009)

900.9 (.008) 665.2 (.007) A vg  trans-DCE

298.5 (.005)

$95.4 (.004)

$50.0 (.019)8 762.9 (.011)8 B vi0 cis-DCE

$43.0 (.013) 761.3 (.008)

846.1 (.004) ™ ¢

$18.9 (.024)8 786.1 (.008)8 A vy trens-DCE

$15.7 (.016) 783.4 (.004)

$13.4 (.009) 781.0 (.002)

756.1 (.006) 740.5 (.004) B v3 ¢is-DCE

736.8 (.019)b.b 543.3 (.010)d.R D vs  ClaeCaHz

728.5 (.024) 537.4 (.012)

714.1 (.004)8 703f | T ¢is-DCE

7108 d
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697.2 (.028) 540.9 (.016) B vi2 cis-DCE
615.0 (.016)t 475 (.012)h C v4a HCLCHC
601f 466 (.012)

32121 i 28416 i F vi HCICHC ()
742 i 19900 i F  vs& HCIC,HQ (o)

SAbsorbances in parentheses refer to pesk hoights after 239 nm
photolysis.

bPeak height given is for 239 nm photolysis; weak or absent after
broadbaad photolysis.

cSpliniag dwe 1o Fermi resonance with combination band v3 + vg +vs.
dweak .

SStrerching frequency for HCl submoleculs.

foand obecured by parest absorption; frequemcy predicted from
isotope shift.

SSplittiag des w0 I3/37C1 isotopes.

RSplitiag of degeneraie bead due 10 presence of cage partner.

iObeerved oaly wpoa broadbead (A > 200 mm) photolysis; intensity
relative to equivalest bend of x complex varies (see text).
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experiments and, weakly, in one laser photolysis experimeat. 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 v; band of
HC1<C2HCI1 nearby at 3308 cm-l. The behavior over time of this feature was
like that of the other products, smoothly approaching an asymptotic limit
wimnowidenceof-ilducdupcﬁod.uu'inﬂms. A slight
frequency shift of this product band, but no decrease in intensity o. other
change, was observed after amnealing t0 45 K a 1,1-DCE/Xe matrix which had
bees previously imadisted at A > 200 nm. A maximum st 2742 cm°!,
superimposed oa the sloping baseline of the stromger abeorption at 2772
cm-l, had the same waveleagth-dependent behavior as the 3212 cm-!
feature, but its inteasity relative to tlut' of the higher-frequency feature did

not appear 10 be coastamt.

Pbowlysis.:hmghlh 12 K Csl window (A > 218 mm, determined from UV
spectrum) gave the same three kmowa products, cis- and trens-DCE and
HCl-C2HCIL, aloq with bends st 3212.5 sad 2742 cm"!, while coatinuing
irradistion through a Coming 7-54 filter (400 > A > 224 nm) produced mostly
HCl+C2HCl and trans-DCE. Direct initial photwlysis with the 7-54 filter,
however, gave all four products. The photoproduct spectrum of a more dilute
1:500 matrix showed mo spectral differences from the more concentrated
sample, except a marrowing of product festwres and dimimishing of some
festures due to multimers.

Pyrex-filtered irradistion (A > 300 am) of 1,1-DCE/Xe 1:100 for 3.5 h induced
no spectral chamges due 10 umimolecular photochemistry of 1,1-DCE. In ome
case, however, A > 300 am photolysis gave a weak absorption at 1100.6 cm-!
that was depleted upom subscquest irradiation through a 254 nm
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Figure 5: 1,1-DCE/Xe Photoproduct Growth at A > 200 nm
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interference filter (247 < A < 258 nm) as a doublet ar 1234.4/1231.9 cm-! grew
in. The proximity of these features to the strongest absorptions of OCIO (1105
cm-! in solid N2)? and HOC! (1239 cm-! in solid Ar)!0 suggests both some
production of Cl stoms and the presence of a minor air leak, source of O3
and/or H20.

In one case, as mentioned above, prolonged laser photolysis (11.6 mWh) at
239 am did produce a small but definite absorption (.0031, 12% of 3308 band)
at 3211.8 cm°!, which exhibited esseatially identical growth behavior to the
other photoproduct absorptions (cis-DCE, trans-DCE, HCI-CHCL, Cl3+C2H2).
The uﬁplc containing the laser-produced photoproducts was then irradiated
with the broadband source for five minutes, resulting im a dramatic decrease
in the inteasity of the vg ad vy bands of the chlorine-acetylene complex,
while all other product absorptioas, iscluding the unidemtified 3212 cm-!
festure, comtinee to increass, and the parent 1,1-DCE absorptioas continued
to disappesr. These kinetic data are plotted in Figure 6 aad clearly
demonstrate the different b.ehlvior of the Clz*C2H2 bamds from those of the
other producits.

One experiment was performed 10 investigate the effect of infrared
iﬂmummm& A sample of 1,1-DCE/Xe 1:100 was
photolyzed for 1.5 h at A > 200 am to produce the usual amay of
photoproducts. The sample was thea exposed to the Ge-filtered globar source
of the spectrometer (v < 5500 cm-!) for 12 h. Neither depletion of the 3212
and 2742 cm-l bamds nor growth of other existing or new bamds was detected.

An 0.53 mmol sample containing d3-1,1-dichlorocthene 1:100 in Xe was
inadiuédwinhthlauuZ”uaddwelopedthepmﬁctspectm
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Figure 6: Growth Kinetics of Photoproducts of 1,1-DCE/Xe
with 239 nm Photolysis and Subsequent A > 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 prodeced a similar difference spectrum, lacking
the 537 and 2424 cm-l absorptions of the laser experiment, but containing an
additional, sharp basd st 2541.7 cm°! and another at 1990.0 cm-l, as seen in
Figure 8 (0.45 mmol sample). Photoproduct absorptions for both 239 nm and
broadbend photolyses are included ia Table 3. For one preirradisied sample
of d2-1,1-DCE/Xe, the temperature depeadence of the photoproduct spectrum
was studied, with spectra collected at ten-degree intervals from 30 w0 60 K
after photolysis st 12 K. The wempersture dependence of selected baads is
plotted in Figure 9. '

Othar Molacules

Unfiltered arc lamp irradistion of a sample of trichloroethene (TCE)MXe 1:100
resulied in rapid growth of product sbeorptioas m 2794.9, 2229.4, aad a rriplet
at 987.5/984.5/980.9 cm'! with relstive imseasities of 8:4:1. These absorptions
are in good agreement with TCE photoproducts observed by Cardaad in Kr
matrix3.11 aad identified 28 the HCl stresch, v2 (CC siresch, activased by
complexation with HC1), aad v3 (CC1 stresch, with isotope splitting) of the HCl
climination product, HC1+C2Cl2. Photolysis through Corning glass filter 7-54
gave much slower growth of the same festwres. Neither 1.5 h irradistion
through a Pyrex filier (A >300 am) mor 4.0 h through a 290 am imwerference
filter (bamdpass 260-33S am) caused amy speciral chaages.

Hg-Xe arc lamp imradistion of 2-chloro-1,1-difluorocthene (CDFEVXe 1:100
through a 254 am interference filter (bandpass 247-258 am) for 3 bours

caused no photoproduct growth. Unfiltered photolysis induced festwres at
1906.5, 1252.0, 1935, 1230, and 766 cm!. These were assigaed to F2CO by
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comparison with the Ar-matrix spectrum of that molecule]2.13 and thus
indicate the presence of an air leak,

Branching Rasios

In order 10 estimate branching ratios for the laser photolysis experiments,
relative absorption coefficients were calculsted as in Chapter 1. Fo: a matrix
comtaining 0.43 mmol of 1,1-DCE/Kr 1:106, the integrated absorbance of the
va festure at 1613.8 cm'! was found to equal 0.593 cm-l. This gives s
effective absorption coefficieat of 145 cm°!/mmol, in rather poor agreement
with Canland’s Ke-matrix valvs of 64 cm-!/mmol. The same festurs, &t 1612.4
cm-l, in a 1:105 sample of 1,1.-DCE/Xe (0.56 mmol deposited) had an integrated
absorbance of 0.441 cm-!, for a ccefficient of 83 cm"!/mmol, still some 30%
larger thaa Cartland's value in Kr and quite differsat from the new Kr
coefficient. Although some varistion in extinction coefficieat with matrix
gas may be expecied, this is a larger deviation than the 15-20% observed for
cis- snd traas-dichlorosthenes. Dus t0 the possibility of spectral

interference from H20 in the 1600 cm! region, the vi; parent festure mear
867 cm'! was also istegrated in esch matrix, and the ratio of those
absorbances in Kr and Xs was found 10 agres 10 within 5% with the ratio of
the vz bands, thus indicating that water imserference was mot the source of
the discrepancy.

After 0.42 b 239 sm photolysis (1.5 mWh) of the 1,1-DCE/Kr sample, the 1614
cm-l festure was depleted by 8%. aad integrated absorbaaces of the
photoproducts were desermined 10 be 0.0089 cm-! for v2 of cis-DCE (1590.5
cm-l) and 0.0119 cm-! for v2 of the x-HC1:C2HC] complex (2099.9 cm-l). The
trans-DCE feature for which am extinction cosfficient was available, vig &t
1197.6 cm-l, was not stroag esough in this spectrum to be measured,

66



67

although vg and v)) absomptions indicste that trans-DCE was present. Using
the extinction coefficients for.ci.r-DCE and the HCl product in Kr from

Chapter I, 94 cm-l/mmol and 128 cm-l/mmol, yiclds are obtained of 30% cis-
DCE and 29% HC«C2HCl. From the noise level, the yield of trans-DCE is
estimated st no more than 15%. The three products thus Iccoullt\for £74% of .

the loss of starting material.

The 1,1-DCE/Xs matrix was depleted by 58% after 0,75 h 239 nm photolysis (3.8
mWh). Photoproduct integrated sbsorbances wers measured: 0.0177 em-! for
v of cis-DCE (1588.7 cm*l); 0.0270 cm"! for vig of ¢rans-DCE (1196.5 cm°!);
0.0260 cm-! for v3 of HCI«C2HCl (2098.4 cm’l); 0.341 cm-! for v3 of Cl¢C2H2
(3264.0 cm-!). Following the same procedurs aad using extinction
coefficients of 82 aad 65 cm"! for cis- and trens-DCE in Xe, and 128 and 35
cm-l/mmol for the HCl and Cl3 elimination products, respectively, yields
resulted as follows: 7% cis-DCE, 14% trans-DCE, 7% HCI-C3HCI, 32% Cl3+C2H3;
which together accowat for 60% of the depleted 1,1-DCE parent,



DISCUSSION I: Spectroscopic Identification of Photoproducts

The photoproducts of 1,l1-dichloroetheae in krypton and xenon after 239 nm
irradistion have already been identified, as their infrared spectra are quite
familiar from studies of the 1.2-dichiorocthenes. However, the matrix‘
infrared spectra of the products in the deuterated experimeat were
unknown, aad thus a more caceful amalysis of the d3-1,1-DCE/Xe

photoproduct spectrum was required. The spectral assignments are discussed
below and the data coliected in Table 3.

Phosopeaducts of 239 am Phosolyais of d2-1.1-DCE

The 239 am photoproduct spectrum of d3-1,1-DCE/Xs cam be assigned by
comparison of product frequeacies with gas phass specira and published
matrix spectra of expected products, bearing in mind the previously studied
photoproducts of the undeutersted molecule.2 Gas phase froquencies are
available for the two dichlorosthens isomers, dy-cis-DCE asd dy-trans-DCE,’
and isotopic shifts calculsed from the gas phase abscrptioas predict very
well the isowopic shifts for the xemom matrix spectra. Didewtero-cis-DCE is
clearly formed, 28 seen by the preseace of the stroag vi2 540.9 cm! CD bend
sad the triplet st 762.9/761.3/759.8 cm-!, which exhibits the 35C1/37C1 isotope
splitting expected in the vip symmetric CCl streich. The vg CD strech
appears &t 2276.7 cm°l, while the v2 CsC strexch and the v4 asymmetric CCl
stretch, predicied t0 fall st 1576 and 703 cm-l, respectively, are obscured by
overlspping bands of the parsat molecule. A strong band at 10422 cm-l is
assigned 10 the v9 in-plane CD bead, although in H2CCCl2 this bead (1297.5
cm-l) is relatively much wesker. The istensity of this bead in the dideutero
species is emhamced through mixing with amother baad of the same (a2)



symmetry moved nearer upon substitution, probably the strong vig CCl
stretch. In support of this hypothesis, a weaker feature at 1033.8 cm-! caa be
distinguished in some spectra and may be due to 35C1/37C1 splining (shift of
- 1.0081; 1.0070 predicted). The presence of dz-trans-DCE can be ascertained
from bands at $10.7 and 665.2 cm°l, comsponding 0 the vig and v CD bends.
and the vq; CCl stretch at 786.1/783.4/781.0 cm"!, showing chlorine isotope
splitting and an intensity ratio of 10:5:1, close to the predicted 9:6:1. The vo
CD stretch is also weakly present at 2284 cm-l.

The x-bonded deuterium chloride elimination product, DCl«C2DCl, is ideatified
by comparison of the photoproduct frequencies with the data of Andrews, et
al. for variously substituted hydrogen-honded HX.C2HX complexes in argon
matrix.14 The strong vy CD streich of the chloroacetylene moiety shifts to
2590.1 cm-! by a factor of 1.277, identical with the deuterium shift of the
same hydrogen-bouded species in Ar. Similarly, the v4 CD bead, split into in-
plane and out-of-plane components by the presence of the DCl parner, is
observed at 475/466 cm-l, shifted by a factor of 1.29 as predicted. Andrews et
al. point out that, although the absclute vibrational frequemcies depend oa
whether the submolecule is isolated or complexed, the vH/vD rario is identical
in both cases. Thus the vH/vD ratio of 1.068 obtasined by assigning the 1964.4
cm-! product bend 10 the v3 CsC strexck of the DCIsC2DC1 complex is in
excellent agreememt with the 1.067 ratio they obtain for uncomplexed C3HCI.
Thess workers do not report 2 value for v3, the CCl stretch, but the slight
shift from 756.1 cm-! w 740.5 cm! of this band (vH/vD = 1.02) is reasonable,
given the isotopic shift of 1.01 which they report for the equivalent
vibration of fluoroscetyleas. Finally, assignment of the strong baad a
2009.7 cm-! to vibration of the hydrogea-bonded DCl submolecule, to obtain a
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vH/yD 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.15 This product clearly has the same T-shaped structure
observed before, with DCl! hydrogen-bonded to the x bond of

deuterochloroacetylene.

The deuterated version of the founth product observed in Xe, ClyeC2D3, can
also be identified by comparison with the Ar matrix data of Andrews and
coworkers., The symmetry-broken doublet of the vs CD bend of C2D3 is
observed at 537.4/543.3 cm-!, each component shifted a factor of 1.356 from
its 728.5/736.8 cm-! counterpant in the C2H2 complex, just as in the HCl-C2H3
complex studied by Andrews ef al. The two acetylene bands are distinguished
from the 540.9 cm-! band of d2-cis-DCE by their intensity ratio of 1.25
(537.4/543.3), identical to the ratio of absorbances (728.5/736.8) in the
cquivalent !H experiment. The v3 CD streich, observed as a doublet in the
Cl2¢C2H2 product, is seen bere as a singlet at 2424.4 cm-!, the Fermi
resonance removed upoa isotopic swbstitution. This photoproduct, 100, is
easily identified as the same chlcrine-acetylene complex seen upon 1,2-DCE
photolysis in Xe.

Thus 239 am photolysis of dideuteraed 1.1-DCE isolated in Xe causes
isomerization to cis- aad trans-DCE, climination of DCl to give the x-
hydrogen-bonded chloroacetylene complex, and ecliminatioa of Cl2 w0 form
the dideuteroacetylene-chlorine complex. In other words, d2-1,1-DCE/Xe
undergoes the same primary photoprocesses as does the unsubstituted
molecule at this wavelength, surely no great surprise. The excited-state
reaction pathways which lead to these products will be discussed in detail in

a later section.



Propraducts of do-1.1-RCE/Xe a A > 200 om

Now that the two isomers and two climination products have been identified
in ‘oth protonated and deuterated versions, much of the photoproduct
spectrum at A > 200 am can be assigned by inspection. Elimination of HCl to
form the x-bonded complex has clearly occurred upon broadband photolysis,
as bas isomerization to cis- and trans-dichloroethene. The C2D7 doublet at
$37/543 cm-! is not detected, althowgh ch'~rine elimination no doubt occurs,
as it does in 1,1-C2HCi2/Xe. As seen before, secondary photolysis is efficient
in destroying chloring-scetylens pairs, and im addition deuterium-
sabstituted vibrations are less imense thaa hydrogea motions.

The photoproduct with a basd at 3212.1 cm-! remains to be identified—
certainly a probiematic task in the absence of other features definitely
assigasble 10 the same species. The obesrved frequeacy suggests a CH
stretch, but it falls just between the mormal frequescy ramges for acetylenic
(c.g. C2H2: 3374, 3289 cml; CHCL: 3340 cml) aad ethylenic (c.g. C2Hy: 3106,
3103 cm-l) CH sreiches$ In fact, this froqueacy is more typical of species
with alleaic boading, such as ketese, H2CeCsO (3155 cm-1),16 and the linear
diradical HC=C=N (3229 cm-!),!7 bwt it is difficult to imagine aa allene-like
product of 1,1-DCE decomposition. The relative streagth of this festure in
thmdihui:!ﬂumbumdncmmughtouppona
coneation that the wakmowa prodect is a reactioa product of dimers or

higher muitimers.

More exotic species, such as chlorovinyl radicals or the biradical vinylidene,
are also climinsted om feriber cossiderstion. Jacox reponts a CH stretch of
3178 cm-! for the fluorovinyl radical,!3 whereas Eagdahl and Nelander
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observe a value of 3093.8 cm'! for the bromovinyl CH strewch:!? 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 imteracting with both the doubly-boaded carboms. Such a
structure has boen suggested by various workers20.21 10 be a lower-energy
form thsaa the ciassical, unbridged structure, aad the bridged bromovinyl
radical is long known.22:23 The 3207 cm"! CH streich of matriz-isolated
thiirene,24.25 the bond-satisfled sulfur analog, gives weight to this
possibility, but the absence of amy other vibrational absorptions makes
bridged chlorovinyl am unlikely claimant to the observed absorption. In any
case, the stability of the 3212 cm-! feature toward amnealing amd prolonged
photolysis discounts the possibility’ that it belomgs to a very uastable species,
as cage recombiaation with the Cl atom would be expected t0 occur under
these conditions.  Viaylidene, :CaCH2, has beea predicted 0 have CH
vibrations in an appropriste frequeacy range,26 but, as in the cases of other
unusual species, the lack of features correspoading to other moiioms of this
molecule—for example, the CeC streich or CH2 beads—rules it out.

The experiments with d2-1,1-DCE were comducted to aid in identifying this
product, and in fact they prove illuminating. The 2542 cm-! bamd produced
upon shorter-waveleagth photolysis, but not with 239 nm laser photolysis, is
assignoed t0 the dewteriwm-shifted 3212 cm°l bamd, based both oa its
frequency aad oa its wavelength-dependent behavior like that of the 3212
cm-! feature. The isotopic shift of 1.26 confirms that this festre is a CH/CD
stretch, with some of the predicted V2 shift "missing” and presumably taken
up by amother vibration. The similasity of this shift o that of vy of
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chloroacetylene—1.28 for both isolated and x-hydrogen-bonded specieslé—
suggests that this motion is a chloroacetylene CH stretch. Hypothesis of an
additional chloroacetylene product must also account for the hydrogen
chloride cage parner, coasideration of which calls attention to the 2742 and
1990 cm-! bands with the same photolysis source dependence as the above
bands. The vM/vD ratio for this pair is 1.38, exactly in accord with the HCY/DCL
shift as discussed above. Although the absorbance ratio of the 3212 and 2742
cm-! festures did mot remain constast over time, as should be true if both
beloag to a single species. the uwnderlying band at 2772 cm'!, quite strong
sad broad, makes imensity measwrement difficult for the HC! sretch. la
summary, the isotopic data reveal the preseace of 3 product that, like the x
complex, imcorporates both chloroacetylene and hydroges chloride, but is
somehow different from the = complex.

Viewed sloagside the x complex, the very largs froqueacy change ia the CH
streich (3309 vs. 3212 cml) sad the smaller but substsntial red shift of the
HC1 vibration (2772 vs. 2742 cm-)) indicsse that the imteraction of the two
submolecules in the mew species is quite differemt, especially with respect to
the CH boad. This in tem suggests 2 complex of the form denoted
*a-hydrogea-bonded” below, in which the acetylenic CH boad acts as acid
sud the chiorise mtom of HCl acts 28 bass. The hydrogen now shases its
siagle siectron with the hydrogea boad ac weil as the CH ¢ boad, thus
electron density ia the CH bond is reduced aad its vibrationsl frequency red-
shified, while the chiorine domsses eloctroas from its p lome pairs, slightly
lowering the streagth of the HCl bomd.
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Cl
H
\Cl--- H— Cas C— C1 H
]
H— Cums C— C1
c-H-boaded complex x -H-bonded complex

It is well known that in many momeswbstitwsed acetylenes the CH proton is
sufficiently acidic %0 penicipste ia hydrogea bosding.2” The postulated
structure of this species is also comslesent with the lack of additional bands
corresponding 10 the 3212 cm°! fessurs, a8 caly the CH and HCl boands should
umwymnmwm.'mmrvib&im.
essentially those of the chioroscetylens sebmolecule, are expected w0 fall in
the same regions as the correspondiag motioas ia the x complex, and no
douhmbcmd'mmwmyofmm.

Ault aad coworkers have exteasively stedied acetylemic hydrogen-bosded
complexes in argon matrices,28:29.30 glthough mot, to our kmowledge, with a
hydrogen halide base. The CH streiching frequeacies for such complexes lie
near 3200 cm-l, ia the same frequeacy ramge as the observed absorption. As
shown in Table 4, the frequency shift ia the CH stresching frequescy also
falls within the rangs of shifts observed for similarly bomded species. Jeag
et al. discuss thess shifts in terms of the protom affinity, PA, of the base aad
conclude that the trends in frequeacy shift “correlate well with the gas-

phasc basicity of the bases, as measuwred by protom affinities,"30 although

other authors do mot find that such correlation holds.3! The HCl complex

does not fit inwo this pattern, as the frequeacy shift is larger than would be
predicied from the low protom affinity of HCl. Prior studies have observed



Table 4: Comparison of CH Stretch Frequency Shifts and Proton Affinities
for o Complexes of Chloroacetylene with Various Bases

Base vi, cm-l 3 Avy, cm’l 2 PA, kcal/mol®  Reference
(CH3)3N 3187 138¢ 225 | 30
(CH3)2C0 3230 95 197 30
(CH3)20 3222 103 192 30

CHyYON 3256 69 138 30

HCl 3212 1064 135 this work

ACH stretch of chloroacetylens, complexed with base;
Avy = vi(uncomplexed) - vi(complexed).

bproton affinity; from refereace 39.
Cin Ar matrix.

din Xe maurix. No data available for uncomplexed C2HCL Av estimated
as 96 cm! shift from = complex, obeserved in this work, + 10 cm-! shift
from uncomplexed C2HCI 10 x complex in Ar, reference 14.

75



only x-bonded complexes of hydrogen halides with acetylenes, both in
matrices14.32 and in the gas phase33.34

However, other data on related complexes increase the chemical plausibility
of the proposed second structure for HCIsC2HCl. In a matrix, hydrogen
cyanide, HCN, forms a complex ) with HF in which the hydrogen halide is
the base.}3
H\F---- H— Comm N. F— H---- Nem C—H
I Il

The predominant product of codeposition of HCN and HF in Ar is complex I,
while the smouat of complex II increases upom wamming, indicating that it is
the thermodyaamically more stable structure, a fact predicted by ab iaitio
calculations.36.37  As with the acetylenc-HX complexes, oaly the structure in
which HF takes the acidic role (II) is observed in the gas phase.38 Johnson
sad Andrews also report “cvidence for am analog to I" upom codeposition of
HC! sad HCN in Ar. Clearly the matrix envircamemt can stabilize species
which represeat oaly very shallow minima om the potemtial surface and are

thus aot seea ia higher-temperature studies.

Furthermore, the eloctromnic structure of the HF-HCN complex is quite similar
to that of HCI*HCClL. While a chemist would expect HCN to be more acidic than
HCCCl, proton affinities indicate that HCl (135 kcal/mol) is a better base than
HF (117 kcal/mol),39 and in fact the acidities of HCN and HCCCI, as measured
by electron affinities of CN and CCCl, are probably not very different.
Although no literature value for EA of CCCl was discovered, that for the
related species CCF is about 80 kcal/mol (+ 18), and for CCH the best values are
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about 69 kcal/mol,402 compared with 85-88 kcal/mol for CN.40 Thus the sum
(EAgcid + PApage). used to estimate the magnitude of the difference in AH for
the proion transfer reactions and thus 1o 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 rclevant protom transfer reactions,

confirm this prediction quite well.

Again, compared with the HF-HCN complex, the much grester polarizability
of HC! improves its ability 1o donate electron density to the hydrogéa bond,
since in HCl the hydrogen-boanding orbitals are monbonding 3p orbitals,
more spatially extended from the sucleus tham the 2p orbitals whick are
involved in the HF hydrogen bond. The relative magnitudes of the

frequency shifis in the two complexes, HF"HCN aad HCIsHCCCl, suggest tha
this differeace comtributes sigaificantly 10 the extemt of bimolecular
interaction: Both the HX aad CH stresches in the HCI-HCCCl species
experience larger red shifts from the uacomplexed frequencies (HC! 3.9%; CH
3.2%) than do their cowaterparts in HF'HCN (HF 1.6%; CH 1.0%). Johason and
Andrews observe splittings in the HCN bead which enable them to determine
a nonalinear structure for I; very likely the HCI*HCCl complex is also bemt, but
RO atiempt has bess made 10 distiaguish such splitlings ia the 1,1-
dichlorosthese photoproduct spectrum.

The magnitude of the frequeacy shift, traditiomally used s am indication of
the streagth of the hydroges bond.*! wouid scem 10 indicate that the
HCI1-HCCC1 hydrogea boad is quits strong, comparable to hydrogea bonds
formed by rather stronger bases. Why should this be the case? One
important difference 1o keep in misd is that the HCIHCCCl complex is fotﬁed
photochemically rather than by codeposition.  Not only might this give



access to a different portiom of the potential emergy surface, but it means
that the matrix cage size is predetermined by the parent molecule, rather
than by the two submolecules. Thus the cage may be arificially “tighter”
than cages formed raadomly 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 formed in xenom may also be important, as
the high polarizability of the matrix itself may belp stabilize the complex.

While ll.ll. arguments ars not estirsly coaviacing ones for the apparent
streagth of the o-boaded HCI-C2HCl complex, perhaps mors important is the .
pussibility that they are mot evea relevast. Klempereré2 has receady noted
that, upom examiaing the iscreasingly available experimental values for
hydrogen boad streagths, the correlstion betweea Av and hydrogea bond
streagth pertaiss oaly iscompletely. Receat matrix studies of the complexes
of CO with HF coaclude likewise that the frequency shift has littls relation 0
the stability of the complex.43 The linear OC-HF isomer, just 0.3 ki/mol lower
in energy tham the other linear isomer, CO-HF, ¢xhibits a shift of 130 cm-!
from the isoisied hydrogse flworide strewch, whils the HF strech of the Iatter
shifts but 12 cm'l. This complex is amother good example of the ability of
matrix isolation 10 trap isomers not detected by other means: As mamy as four
structures were obssrved in Ar matrix, while only the OC-HF structure has
beea determined by microwsve spectroscopists.44.43

Whether it is more or less swrongly hydrogen-bonded, the c-bonded isom. <
seems 10 be less thermodynamically stable overall tham the = complex, as
witnessed by the lemperature depeadesce study of d2-1,1-DCE. Figure 9
shows a pliot of peak heights versus tempersture, sad although brosdening
and aggregation cause 3all the bands listed to decline irreversibly im intensity
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with temperature, the band for the o complex decreases faster than the
others. This suggests that the HCI*HCCCI species is disappearing by a
mechanism supplemental to those cawsing the apparent depletion of the
parent molecule and = comp!cx. The most obvious possibility is conversion to
the other form, although with the overall brosdening, no evidence for such
isomerization, or amy other reaclioa, could be observed.

Schriver and coworkers have fowad several bu.c:m systems which exist in
matrices ia both hydrogea-bonded aad uacomplexed (but still cage-paired)
forms.46.47 Infrared radistion is effective ia comverting the compiexed
form C im0 the uncomplexed form U, while U can be back-reacted 10 make C
by amnealing the matrix. A porticularly interesting example is that of the
H20+HI complex, two distiact complexed forms of which are detected in
sddition w0 the wncomplexed form.47 Both C; and C2 ars comverted ©0 U by
photoexcitation of either the HI or the ON sweiching mods, aad ammealing 10
20 K recovers both, destroyiag U. Hewever, & thermal cycle 190 30 K results ia
an irreversible increass of the C; pepulation at the expense of C;. The
authors suggest that the two ferms ariss from twe trapping sites, the more
stable form C2 cerrespendiag o o larger frequency shift in she HI
submolecule and thersfore, they cenclude, s streager hydrogea bead. They
do a0t propess sructures fer the complexes, but certaialy the amphoteric
astwre of H20 allews for the aliermete possibility of both a water-acid aad
water-base complex. The sole infrared photolysis performed oa the 1,1-
DCE/Xs photoproducts revcalcd se such imercomversion in this system. This
might indicste that the barrier 10 isterconversion exceeds 5500 cm-l (16
kcal/mol), or it may simply mean that the glober source was mot sufficiemly
intense 10 causs detectable isomerization om the time scale studied.



With chemical arguments to bolster the spectroscopic evidence, the identity
of the o-hydrogen-bonded HCI*HCCCl 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 staning
material, in a specific emergy regime, hinis at am intereming dynamical
origin. That this complex is obesrved only under matrix conditions
demonstrates once again the valwe of this techaique, even in an age of
supersomically cooled molecular beams aad femtosecond pulses, for trapping
and interrogating uastable or very weakly bowad species.
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DISCUSSION II: Photochemical Dynamics

Ehotochemistcy of 1.1-dichioroethene a 239 nm in Kr Matriz
The photoreactions of Kr-isolated 1,1-DCE upon 239 nm irradiation,

isomerization to cis- and trars-DCE and climinstion of HCl to give the x-
hydrogen-bonded complex of hydrogea chioride amd chloroacetylene, are
the same as thoss sesn by Cartland and Piments! with broadband photolysis.2
The role of fres radical photochemistry is most apparent in the 1,1.DCE
isomer, sincs, as Cantland aad Pimeatsl pointed owt, the two isomerization
products must be formed through CCl boad-breakiag instead of simple
rotation sbowt the CC bond. This might occur via direct excitation of ome of
the dissocisive surfsces uaderlying the dominast !(z.x*) tramsition or afver
Curve-crossiag 10 one of thess sucfaces from the !(x.x*) sae.d$
Rearrsngement of the hot w-chioreviayl radical te the B-chloro radical prior
to readdition of the Cl stom and selaxation w id Whea give both cis- and
trans-dichlorosthens products, while loss of ¢ hydregen siom provides
rowts 10 the HCI'C2HCl product. Chiocine atom readdition without
rearrangement simply gives the pareat again.

Excited-state climiastiona of HCl is not energetically feasible, and grownd-
state elimination is believed ualikely, as discusesd in Chageer I
Interestingly, although for 1,1-DCE chioriac ilimisstion om a siagist surface
is energetically allowed via the Cl2°!CCH3, stais, it doss mot occur. Figure 10
shows e emergy relationships and resction chammels for the 1,1-DCE/Kr
system with 239 am photolysis. Esergies for the various species are derived
aad fully referenced in Appeadix A aad ars relative 1w the ground state of
t.1-DCE.
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Figure 10: Energy Level Diagram for 1,1-DCE/Kr at A = 239 nm
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Phetochemistry of 1.1-dichloroethene a 239 nm in Xe Matrix

Upon 239 nm excitation, the xenom matrix photcchemistry of i.,1-
dichloroethene and its deuterated counterpart is analogous to the
photochemistry of the 1,2-dichloroethenes in xenonm, already discussed. The
energy level diagram in Figure 11 illustrates the excited-state processes
which lead to the obssrved reactios products. The formation of Cl+C2H2 in
Xe but not in Kr shows that, as in the cases of cis- and trans-1,2-
dichlorosthens in xenom, chlorine is eliminated on a triplet state reaction
surface made accessible by the enhamced spim-orbit coupling of the heavy-
atom xemom matrix. Molecular sliminstion of HCl can occur om the tripiet
surface as well, through the HCl3[HCCl]* mate. Again, the presence of the
two 1.2 isossers indicates the importance of free radical chemistry for this
M.shWMﬁunMHﬁ-Czﬂdmmviu
chloroviayl resrragement and C1 resddition to give the 12 isomers. The
more exiendive reaction in Xe (53% pereat depietioa in Xs at 3.3 mWh, %
maximem i Kr) may be due 10 the opening of mew reaction chammels in Xe, a

higher sbeorption coefficiest in Xe at 239 am as evidenced by the red-shifted -

abeorptioa spectrum of 1,1-DCE, or both factors.

Phosochemistry of L1-dichioroathens af A > 200 ne in Xa Masrix

While the 239 am photochemisiry of 1.1-DCE/Xe is important additionsl
evidesce of matrix eahamcement of intersystem crossing, its photochemistry
at shorar excitation waveleagths is rather more imeresting. The
isomerization aad x-HC] climinaiion products are formed as described above,
with the additiomal availability of the HCle![CzHCI]* channel at the higher
energy. However, the formation of a second, distinct HCI«C2HCl species from
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Figure 11: Energy Level Diagram for 1,1-DCE/Xe at A = 239 nm
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1,1-DCE implies access t0 a new pathway, one not available to the other

isomers.

Ceminly the wavelength dependence of the formation of this species and its
appearance in xemon but not in krypton are two salient facts which must be
considered crucial in interpreting tue results. Perhaps in this instance,
cage size is the impomaat factor in determining the photoproducts, rather
than the ability of zenon 10 enhance intersystem crecssing to a triplet
surface. A larger cage size should reduce geometric barriers to formation of
the most thermodynamically stable complex, as seen by the structunil
change in Cl3eC2H2 in Kr and Xs, but here 2 xenon eavironment permits
formation of a less stable species. This explanation, t00, does not account for
the energy dependence. That and the uniquesess of this produci 10 the I,1-
dichlorosthene precursor point toward aa intermediats or product state as
yet left out of our survey, while the matrix depeadence suggests that we
should not forget the possible role of triplet surfaces.

Secondary reactioas of any of the familiar photoproducts (cis-DCE, trans-DCE,
x-HCi-C2HC], Cl3°C2H2) can be ruled out from the previous studies. Thus
systematic evaluation of the various possible primary reaction chanacis
should not be overly difficult—after all, the system has only six atoms—and
will hopefully lead to am explanation of the reaction dynamics that is
consisteat with the experimeatal findings. Frequent reference should be
made 10 the energy level diagram for A > 200 nm photolysis in Figure 12. For
clarity, some noa-panticipsing states that can be seen in previous diagrams

have been left owm of this figure.
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Figure 12: Energy Level Diagram for 1,1-DCE/Xe atA > 200 nm
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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
elignimtion of HC! is possible, whereas both a,z and a,p elimination can, and
do, occur from either 1,2 isomer4? Thus if molecular elimination geometries
were responsible for the product differences observed, the two varieties of
HC1 product would be observed in the 1,2-DCE reactions and only oae for 1,1-
DCE dscomposition—exactly opposile 10 the results. Like Berry and
Pimentel,4? we conclude that the relative amounts of a,c and a,8 elimination
cannot solely account for the differences reported here.  Furthermore, since
the climinations are occuring through nonplanar excited states,

considerstions of sya aad amri stereospecificity ars mno longer helpful.

Another molecular sliminstion chammel, while not directly yielding
chloroacetylene and HCl, is of possible consequence. Molecular chlorine
elimination occurs, as seen, st 239 am, and caa be explained by the presence
of a 3[Cl2]*+CaH3 state lying below the available photon cnergy. Secondary
photolysis of the ground-siate product is facile, as demoastrated by the
difficulty in detecting Cl°C2H3 after A > 200 am irradistion of cis- and trans-
dichloroethene ina Xo. But for 1,1-DCE, molecular chlorine elimination can
also occur through aaother triplet state, a Cl2¢3[{CCH3}* state theoretically
predicted to lis at 135 kcal/mol30 well above the photom cnergy used with
the laser, but below the air cutoff which limits broadsand photolysis with
the Hg-Xe arc. This triplet state of vimylidene is predicted to be rather stable,
as the barrier to rearrangement 10 HCCH on the triplet surface is quite high,
about 35 kcal/mol.5! Thus, in theory, photolysis at A > 200 nm could produce



metastable Cl+3CCHg2 pairs, which, like C13sHCCH, would undergo secondary
photolysis to form HCIC2HCL. By virtue of a different starting geometry,
such a procedure might afford a distinct secondary product, s least in the

restricted arena of the matrix cage.3 2

In practice, however, this scheme is subject 10 several limitations. First of
all, growth kinetics of the o-HCI*HCCC] product show no sign of the inc.c.'on
period characteristic of a ucobduy photoproduct (figure .,. Nor wns a.y
svidence of a stable vinylidems intermediats detected: With the low photon
intensities employed, if Cl2:ICCH32 iasts long enough tc absorb a second

photon, it might live long enough to appear in the IR spectrum, In fact, the_

use of Xe as host cremss a dynamical Catch-22, as the very property of Xe
which is necessary o access the 3CCH3 potential surface, its enhancement of
intersystem crossing rates, will also hasten T;-»Sp relaxation to the singlet
surface, where CCHjz will rapidly0¢ rearrange to acetylene. Furthermore, a
second photon striking the complex may be just as likely to isomerize the
vinylidene as to excite the chlorine, again resulting in the ground state
product Cly°HCCH instead of the novel HCI-C2HCI isomer. As a ﬂnﬂ blow to
this hypothesis, recent photoelectron measurementsS3 provide a singlet-
surface isomerization emergy, 44 kcal/mol, and vinylidene singlet-triplet

spliting, 48 kcal/mol, which readjust the emergy total of the Clz«3[CCH3)*

state 10 143 kcal/mol, st the emergy limit of the laboratory photolysis sources.

Nonetheless, the possibility of trapping ICCH7 in a matrix via triplet-surface
photochemistry of 1,l-dichlorocthene remains intriguing, although a
narrow-band VUV photolysis source and perhaps a more rapid deiection
scheme than steady-staste FTIR spectroscopy would be required to perform

the experiment.
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Another possible cxplanation for the two HCl«C3HCI 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 Cl dissociation from the
three DCE isomers are dissimilar: Chlorine atom detachment from 1,1-DCE
gives an a-chlorovinyl radical, HaC=CCl, whereas the same process in cis- and
trans-1,2-DCE gives a B-chloro species, HCIC=CH.54 In order to form the cis-
and trans-DCE products from the 1,1 parent, migration of a hydrogen atom
must occur prior to Cl atom readdition. That significant amounts of these two
products are observed shows that this migration does occur on a time scale
competitive with or faster than other processes such as H abstraction to form
HC1+C2HCl; in other words, both a- and B-chlorovinyl are formed, however
briefly, by 1,1.-DCE photolysis. Howsver, 1,l.dichlorethens is not a
photoproduct of ecither 1,2-DCE isomer in these experiments, implying that H
migration in the reverse direction, to form a-chlorovinyl from the initial f-
chloroviny:, does mot occur more rapidly than other deactivation processes.
This is not simply because no chlorovinyl radicals are formed, because, as
discussed in Chapter I, HCI-CzHC] production from 1,2-DCE with 239 nm
irradiation must proceed through chlorine atom loss and subsequent
hydrogen abstraction. Thus the B-chloroviayl radical canmot be responsible
for the novel photoproduct, as it is am intermediste in both 1,1- and 1.2-

dichloroethene photoreactions.

The a-chloroviayl radical, imitially formed from 1,I-DCE buwt evidently not
formed from 1,2-DCE, must then be examined as potential source of the
difference. Loss of a hydrogen astom from H2C=CCl before rearrangement
leaves bent HCCCI, just as does loss of the B hydrogea from HCIC=CH. With

these seemingly identical precursors, it seems umlikely that two structurally



distinct HCl-C2HC! 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 thess molecules contain chlorine, the special interactions of Xe with C!
must be considersd for possible influence on the photochemical dynamics.
The charge-transfer excimer XeCl®, well knowna for its laser emission, is
strongly bound and a possible reaction product. The energy required to form
this species in solid Xe. some 90 kcal/mol,53:56 added to the emergy of

[Cl + C2H2Cl], puts this species out of reach with the photolysis sources in
use. Likewise, the bound excited statss of Xe2Cl* and Xe12C1* are too high in
energy 1o come into play here. 56 In the ground siate, such XeyCl species are
still bound, bwt rather weakly compared to the excited states.57 Thus, free
chlorine atoms may be longerlived in Xe than in other matrices but are not
so strongly bound to Xe as to inhibit their panticipation imn other reaction
chasnels. In summary, xesmoa-chliorine chemistry is not believed to play a
major role ia dichlorosthens photoreactions at the photolysis energies

studied.

While ground-state chlorovinyl radicals do not seem (o be the source of the
dual HCl climinstion products, the dissociative excited states iavolved in their
production may well be involved. Asymmetry or the red edge of the

absorption band.48 pre-resonance Raman cffects,.58 and photoelectron
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spectra$9.60.61 gre among the evidence for 1(n.0*) and l(n,x*) states
underlying the strong !(x,x*) traasition in the chlorocthenes, but little is in
fact known about their energies amd oscillator strengths. Calculations agree
on the vertical ordering of the lowest singlet transitions: (x,0*), (x.x*),
(n,6*);62:63 but the numbers differ, and crossing points and poteatial
surface contours are left 1o the imaginstion. Kato er al. predict both (x,0*)
and (n,0*) iransitions to lis at somewhat higher emsrgics for 1,1.DCE than
for the 1.2 isomers,52 while Umemoto and coworkers find that 1,1.DCE has the
lowest-energy 1(n,0*) state of the three.53 No emergy cstimates are available

for the 1(n,x*) state.

Experimental information about the low-lying triplet states is even scantier
than for the singlets; only the 3(x,x®) state bas been located in ion and
electron impact measurements.54.65 SCF calculations$2 placs I(x,0*) and
3(n,0*) transitions abowt 10 kcal/mol below the associsted singiets, sad.
again, no estimates are available for the 3(m.x*) stase. All estimates are,

however, in am appropriste eaergy ramge for presemt cousideratioas.

Although thess states are not well characterized, they do participats in the
photochemical dymamics of the chlorosthenes. Ausubel and Wijnea have
suggested the involvement of two excited states in 1,1-DCE decomposition at A
> 200 am,5¢ sad Warren er al. point to (n,0°) states as possible players in the
inter-isomer changes observed i their matrix studies.57 Details of the gas-
phase photofragmentation results comtaim evidence for two distinct excited-
state C1 dissocistion channels in some species.63 Time-of-flight spectra of
vinyl chloride and cis-1,2-dichloroethene contain oaly single peaks for both
HCl and Cl product chanaels, whereas for trans-1,2- and 1,l-dichloroethene,
the C! stom TOF spectrum has an additional low-emergy componeat. The



authors postulate internal conversion from the (x,x*) state to a low-lying
(n,0*) statc as the Cl-producing pathway common to all four molecules, much
as suggested before. They anribute the low-energy component to
dissociation from another (n,0*) state not directly coupled to the (x,x*) state,
with a 1(x,0*) state serving as intermediate t0 the dissociative siate and the
initial 1(x,x*) staste. This deactivation pathway does mot, however, suitably
explain the matrix data, since in the bsam work both trans-DCE and 1,1-DCE
show evidence of a second Cl-atom channel. Moreover, the reaction they
postulate proceeds solely through singlet excited states, 30 in a matrix it will
bs open in Kr and Xs alike. Siace the o-bonded HCl isomer is manifested only
in Xe, Its origin must not be ideatical to the routs they suggest. However, the
beam study does indicate the importance of other DCE excited states besides

the predominant 1(x,x®) state.

The similarity of this system to the HI\CaH3 system studied in detail by
Abrash and Pimentel should not go unheeded. Photolysis of [[+C3D2 and
DI-C2H2 pairs gave, in addition to vinyl iodide and isotopically scrambled
acetylens-HI, very selective production of DCCI and HCCI, such that the
hydrogen iodide H(D) stom always ended up in the molecular hydrogen
product.32 In addition, the reaction product distribution was strongly
wavelength-dependent.5%  Since we are staning from little-known
dichlorocthene excited siastes and do not have a well-defined reaction
coordinse like the HI dissociation in the HI-C2H2 studies.$8 and have also
added a second large (Cl) atom 10 the system, increasing both the aumber and
complexity of prodwct and reactamt states, we are unable 10 derive such an
clegant corrclation diagram for C2H2Cl2 as do Abrash aad Pimentel for the
C2H3l system. Noaetheless their gemeral approach amd certain of their



conclusions, as well as some of the panicular 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 ssrface over another at long wavelengith, 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+ CaH3) states, different “continued cage

chemistry” from the reactive iodine atom-vinyl radical cage pair follows.

In the DCE system, differeat states of the chlorovinyl-chlorine atom pair are
also likely to be smergetically within reach. Using the A state of vinyl
radical (46 kcal/mol) as a model5Y the first excited state of chlorovinyl lies at
about 128 kcal/mol. This falls quite satisfactorily into the very energy range
of interest for o-HCI1+C3HCl production, above the 239 nm laser photolysis
energy but accessible with the Hg-Xe lamp. For vinyl, the A stawe is
characterized a3 3 "x radical” and the ground siste & 2 "¢ radical,"’0 which
may be expected to have different chemistries. If the analogy comtinues to
hold, different reactions may likewise be amticipated from the ground and

- excited states of chloroviayl. )

Furthermors, Abrash and Pimeate] suggest that the excited vinyl radical
{e.g. HC=CDH) rearranges 10 the specific product isomer (HD+DCCI) via a.c
eliminstion followed by recombination of C2D with I "at leisure." An
analogous process for the DCE case would be elimination of HCl o give CaH,
which then recombines with the Cl cage partmer. Although AH{C2H) is a
subject of comtroversy im the literature,”! the exothemmicity associated with
HCl formotion lowers the reaction eathalpy of HCl elimination from

chlorovinyl, relative to AH of H; climination from vinyl. Using the most
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recent value for Do(HCC-H),72.73 the state [Cl + CCH + HCl] is energetically
accessible (135 kcal/mol) for the C2H2Cly system at A > 200 nm, whereas for
the C2H3I =ystem the enerjetics of the analogous channel were problematic.
However, the formation at A > 224 nm, and in one experiment with 239 nm
light, of a small amount of the o-bonded product argues against this
mechanism. Perhaps, instead, this result indicates that an unfavorable
Franck-Condon factor, rather tham a true thermochemical barrier, inhibits
the reaction at the longer wavelengpth. This would imply that the threshold
for the relevant photoactive DCE state is near 120 kcal/mol and, additionally,
would require that the excited state of chlorovinyl be a few keal/mol lower
in energy than estimated——not am unreasonable result, recalling that the
sstimate is based on sexcited vinyl. Further information about this
mechanism might be obisined from a study of di-1,1-DCE, unfortunately a
very demanding experimeat from a synthetic vantage, or from a more
thorough scam of piotolysls waveleagth from 239 to 200 am to obtain the

reaction excitation spectrum.

Now that it is clear that the excited chloroviny! chaanel satisifies the energy
constraints linked with the production of the o-HCl elimination product, why
is this product specific 10 1,1-DCE/Xe? The Xe¢ matrix rependence suggests
that the (Cl+ C2H2CI*] mats correlsies with a molecular triplet stats,
presumably one of the o* states discussed above rather than a x* state. The
unique formstioa of the prodect from 1,1-DCE may stem from excited-state
properties of ecither the molecule or of the radical. The cmergy, extinction
coefficient, or Franck-Coadon profile of the 1,1-DCE triplet surface in
question may simply be more favorable thaa 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 im~ossible to do more than guess, but the empirical

observations make - plain that these or other premises are influential.

In summary, it is proposed that the second, o-bonded, HCI*C3HCI isomer is
formed at A > 200 am via an electronically excited chlorovinyl radical,

(Cl + CaH2C1*], after Cl dissociation from a molecular triplet state.
Decomposition of excited chlorovinyl might proceed through HCl elimination
and subsequent cage readdition of Cl to C2H. The product is formed only in Xe
matrix becauss the enhanced spin-orbit coupling ia the heavy-atom matrix

is necessary o gain access to the triplet reaction surface.

Photochemistry of L.1-dichlorosthens at Longer Wavelengihs
It should be recalled from the earlier chapter that for the 1,2-

dichloroethenes, photoisomerization occurred in Xe but not ir Kr at energies
below the singlet absorption threshold, This was takea as definitive
evidencs that Xe cnhances accm 10 a triplet reaction surface, since only
direct excitation of the twisted 3(x.x*) state sad relaxation iato sither cis or
trans potential wells could effect suck s chamge. Furthermors, 266 am
irradiation induced both isomerization and chlorine elimination, providing
further coafirmation of triplet-surface resction aad s guide to the enmergy
placement of the 3{Cl2)*+C2H3 sme. In comtrast, prolonged exposure of 1,1-
DCE/Xe to light of waveleagihs sbove 300 sm causes no photochemical
changes. This is precisely as sxpecied: The I(x.x*) mame of 1,1-DCE surely has
the same, sthylenic, nonplanse geometry as do the 1.2-DCE (x,x*) siates, but
rowstion 90° in either direction gives equivaleat comfigurations, 3o no net

photochemical chaage occurs,
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The accidental introduction of an oxygen-bearing impurity into one sampie
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 cheu;istry 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,0®) siate. By analogy with the longer-
wavelength photochemistry of the 1,2-DCEs, this may wsll be a triplet state,
but the equivalent experiment should be performed in Kr to state this with

more certainty.

Branching Ratios

As noizd in the results section, the sum of the photoproduct yields does not
account for all of the photolytically depleted stirting mmterial ia both Kr and
Xe samples. Certainly this fact casts some dowbt om the accuracy of the
calculated yields. Howsver, the information derived is mot without value.
Some of the appareat loss of pareat is probably real, as the errors are of the
same sign and of similar magnitude ie both cases (40% ia Xe, 223% in Kn),
and such losses have besm observed befors.3 Diffusion owt of the region of
the matrix sampled by the IR beam, or orientation of the sample by the
polarized laser beam, may occwr during photolysis. Whatever the

mechamismt for the loss, assuming it shows no selectivity with regard to
photcproduct, the relative yields should be accurme: =Z:1 cis:trans and 1:1
cis/HCl ia Kr. Similarly, in Xe, the branching is 1:2:1:5 cis/crans/HCI/Cly. As
with the 1,2-DCEs, the maw phowprocess in Xe, Cl2 sliminstion, becomes the

predominant one.



Moreover, the ratio of elimination yields, Cly/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 for the trans isomer. This is comsistent with the suggestion in
the first chapter that HCl is principally a,a-climinsted: When, as for 1,1-DCE,
the a,a elimination doss not produce HCI, the sxtemt of HCl elimination is
decressed. Or, it may be that the a,a charma]l is still geometrically favored,
but now iastead of HCl, chiorine is the product. Also comsistent with this
interpretation is the obesrvation that the frequencies of the x-HCl<CzHCI
photoproducts from cis- and ¢rans-DCE, which caa undergo. sither a.a or a.fp
eliminstion, sre idestical, while the n-complex photoproduct frequeacies
from 1,1-DCE, with oaly the a,f routs available, are somewhat differeat. It is
aot difficult 10 imagine that the two processes could rexwlt in differemt
arrangements of the complex within the cags, giviag differeat complex-
cage imeractions, and the ipectroscopic imformatiom thus serviag as a
record of the eliminstion mechamism. Although the apparent chaage in
branching w0 cis sd trans isomers detweea Kr and Xe is imteresting, in view
of the umcertninty of thess mumbers, no comclusions abowt these yields will
be drawa hers. The possidility of isomerization via back-reaction of
HCI+C2HC! pairs further complicates imterpretation of thess ratios.

Ehasochamistcy of Qther Molecuiss

As in solid Kr, trichloroethens undergoes oaly HCl sliminstion ia Xs,
although triplet Cl3 eliminstion might be expected from this species too, as
did occur with Hg photosemsitization.3:11 Perhaps HCl elimination proceeds
so rapidly that chlorine eliminstion does not compete efficiently, or perhaps
Cly elimination requires the chemical medistion of excited Hg.
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For 2-chloro-1,1-difluorocthence, the lack of reaction with 254 nm photolysis
is consistent with the result of Hg-seasitizmion of CDFE in Kr, in which the
only product was the mercury imsertion product.! No triplet elimination
channels are accessible at this excitation energy, and no Hg is present. In
the A > 200 am experiment, bimolecular photdreaction prevented observation
of possible direct triplet photochemisiry at the higher photon energies.
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CONCLUSIONS

The photochemistry of 1,1-dichlorocthene has been studied in both krypton
and xenon matrices at a varicty of wavelengths. Recognizable isomerization
and eclimination products result from 239 am photolysis, and changes in the
reaction product distribution in Xe are attributed to triplet surface chemistry
brought about by heavy-atom eomhancement of intersystem crossing from
the directly excited singlet state to a triplet surface. This finding suppons
conclusions from eaclier work comparing direct and Hg (3P)-sensitized
photochemistry of the dichlorosthenes and expands the xenon matrix studies
of 1,2-dichlorosthenes discussed ia the first chapter.

Upon short-wavelength photolysis of 1,1-DCE/Xe, 2 new reaction product is
observed that is wavelength-, matrix- and isomer-dependent. With the aid of
isotopic Mmuu. this product is identified as a second isomer of
HCI1+C2HCl, "o-hydrogea-bonded” with the acetylenic H imteracting with the
Cl end of HCl. Im detecting the mew complex, distinct from the x complex
observed in previous matrix and gas-phase work, the combined merits of
photochemical preparation of the movel complex and matrix isolation for
trapping it are displayed to advastage. The formation of this umique species
is believed 10 proceed via Cl dissociation from a triplet state, giving am excited
chlorovinyl radical which subsequestly cage-reacts to give the o HCl
complex. Agaia, a simpie bwt delibersie change of matrix gas effects a
dramatic change in the photochemical product distribution and reaction
dynamics, exemplifying the potemtial of the method for reaction selectivity

and control.

9%
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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 ecxamining the effect of geometry on photochemistry, take
advantage of the fixed geometry and proximity of their starting materials
and thus define the "supramolecule."52,:63  Other workers call these ~
"precursor geometry-limited" reactions,74.75.76.77 put the concept is quite
similar: The starting geometry of the reactants determines the
photochemistry. Here, the supramolecule is the product, and insiead 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 cam exert coatrol throughout the
reaction. This demoastrates microscopic reversibility in the “precursor
geometry-limited” case: If reactamt geometry leads to product-selective
photocheniistry, here product geometry indicates a prior photochemical
selectivity. To amthropomorphize, the comstituest species of the
supramolecule not oaly kmow where they are going, but remember where

they came from too.

Although the details of the rowts from the imitial excited state to the final
state are umclear, as is even the idestity of the imitial state respomsible for
the new photoprocess reported hers, it is evidemt from the simultaneous
production of two differsast HCl product structures that the excited-state
reactions are quite specific: The photochemistries of these molecules depend
in a highly detailed manaer oa the eclectromically excited reaction surface.
The characteristics of the excited electromic 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, 2 difficult task even for a six-atom system, but such detailed
examination leads 10 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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Chemistry of Electromically Excited Cadmium Atoms with Small Molecules
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INTRODUCTION

Metal atom photosensitization is one of the more venerable techniques
known to photochemists. Since the 1920's,! metal atoms, especially the group
12 metals Hg, Cd, and Zn, have been used for collisional transfer of electronic
energy to other molecules whick do not absord or absorb onmly weakly in the
spectral region of interest, resulting in a voluminous literature covering a
wide varlety of orgsaic substrates.2:3:4 Traditiomally this process is
described as spin-comserved queaching and includes the processes
represented by the equations below, using the example of Hg (3P;):

Hg 3P + Q- Hg IPg + Qt (1) quenchiag to metastable Hg 3Pp
- Hg 1Sg + 3Q* (2) electronic energy transfer
- HglSo+M+Fy (3) direct dluociitlon of qﬁmhcr
- HgF + F2 (4) dissociation with compound [ormation

In the case of chemical reaction, fragmeats Fy aad Fy, or F2 and compound
HgF). must conserve spin as well, foming two doublet stwes or a singlet plus

a triplet.

Although process (4) implicitly recognizes the possibility of chemical
reactivity of the exclied mercury, litile comcress evidencs for or sserious
discussion of this chammel is seen m the litersture through this early period.
A typical example of the formal distinction made by thess early workers
between photosensitization, referring more strictly to the emergy (ransfer
process (2), and chemical reaction such as in (4), is seen in a statement from
the 1964 review by Cvetanovic: "The related processes in whick the strongly

absorbing subsiance imteracts chemically or forms chemically reactive
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intermediates by bonding or complexing with the non-absorbing molecules
cannot always be distinguished with ceruinty from simple physical transfer
of energy in collisions and are as a rule also comsidered within the

framework of photoseusitizaticn."3

.. However, a recont, two-promged reswrgence of intersst in this field has
reopened the discussion. Om the symthetic sids, Crabiree and others have
rediscovered the utility of Hg photoseasitization om u preparative scale.3.6.7.8
The technique has also provea useful ia studies of fres radicals, as in the Hg
(3P) photosensitization of ammonia 10 form NHj, which Is then stucled in a
supersonic jst using laser-induced flworescenze.? Bemath and coworkers
havs found that excitation of Ca and Sr to triplet statea emhances reactivity
with a variety of organic speci’ . making this aa efficient means of
producing inorganic free radicals for laser spectroscopic study.10:11.12 [
addition to thess examples, direct evidence for the participation of excited-
state complexcs in photoseasitization is provided by deection of emission
from exciplexes of Cd with a samber of orgamic molecules, including
ammoniall aad other amines,14:15 water, alcohols sad cthers.16

From a mors physical poist of view, growing !ateresi in 1 “state-to-siate”
picture of eaergy tramsfer and chemicil reaction dymamics has redirected
attention to motal atom photoseasitizaiion. The queacking of electronically
excited metal 4voms by small molecules is an atraclive system for such
studies, as both experimenta! asd theoretical approaches are feasibie. Even
traditional “slow” flash kimetic spectrvicopic techaiques cam provide useiul
information. For example, from their findings of differing isotopic
specificity for queaching of excited Cd or Za (IP;) aad (3P1) with Hz, HD and
D2, Breckearidge and Realuad were shie to denve informatica 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.17.13

However, new physical techniques, particularly the ability to resolve
vibrational amnd rotatiomal state distributions, have brought about more
dramatic advances in the uaderstamdiag of thess reactions. Electronic-to-
vibrational energy transfer has beea studied by detecting 3iste-resolved
products of collisions of Hg (3P)) with small molecules.19:20.21 Excited group
2 metal atoms, Ca (1P))22:23,24 aad Sr (1P)),25 s well 28 Hg (3P1),24 have
been used i swdies of the effect of orbital aligament om reactivity asd
energy partitioning. Laser spectroscopy of vaa der Waals complexes of metal
stoms with rare gases yields informstion sbout the vaa der Wasls potential
snergy surfaces, which can be useful ia wnderstanding queaching and
reaction dymamics.26.27 Vaa der Waals complexes are also crucial ia the so-
called “half-collision” studies, in which 3 cold complex of the magent
moleculss, with 3 well-defined goometry, is prepared in a supersosic jet and
excited with a laser 10 initists reaction.24:28,29.30 Thess siudies allow precise
comtre! of the emtrance chamme! comditions, 30 that detection of the final
states 'pu-iu 3 high degres of state-io-state cocrelation, and measurements
oa the excited complex may provide isformation om resction tramsition

states.

Although the growp 12 meuwls are wo large for theoretical trestmest, the
group 2 metals are amenable w0 ab initio methods. The reaction of hydrogen
with excited Mg has been theoretically modeled for both 1P) and 3P) states
and serves as a prowotype of thess reactions.3!.32  Similar calcelations on HF
+ Mg on Sg. S; and T) surfaces predict different reactivity om the different



surfaces.33 Even polyatomic molecu!>t are now tractable, enabling the study
of such chemically interesting topics as metal-cthylene exciplexes?* and

metal-mediated acetylene-vinylidene rearrangement.35.36

Several receat examples of Hg-seasitized chemistry in a cryogenic matrix
have also brought into question the distinction between energy transfer and
chemical resctivity as aspects of photoseasitization. In studies of the
reactions of Hg (3P;) with varions halosthenes, Cartland and Pimentel found
that Hg reacted with the substrate, Inserting into CCl or CBr bonds.37.38,39.40
They conclude that chemical reactivity of the excited metal atom is clearly
important, and, furthermore, that reaction ia the matrix is coastrained to the
reaction surface of the imitial excited siate, singlet or triplet. Numerous
other works report photoreaction of metal stoms with small molecules! but,
with a few exceptions,42:43 the majority of thess have a synthetic

orienistion and do mot svaluate the excited-state chemistry. Thus there is
both need aad ample opporntwmily for further physical investigation of the
primary photoprocesses and dyasmics of these reactioas in a matrix.

Remaining in question, then, is the issue of whether chemical reaction
competes with spin-comserved saergy tramsfer, or whether the mercury-
comtaining species is aa intermediate in the emergy transfer process,
trapped in the matrix. The xemon-matrix studies addressed the problem of
spin-coaserviag reaction pathways separstely from the isswe of reactivity,
and as shown ia Chepters I aad II, confirmed the finding that intersystem
crossing in these molecules is not facile in the absemce of a spin-orbit
perturbation. Thus this chapter returas to the topic of metal atom reactivity,
with the imtention to further c;lyiu the primary process(es) in
photoseasitization with the other growp 12 metals, Cd and Zan. Becauwse of the
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traditional emphasis on emergy transfer, the term “photosensitization™ will
be avoided im this work when possible, in favor of the term “excited-state
chemistry,” and will otherwise be used with full cognizance of the chemical
as weli as cnergetic aspects of the process.

Several reasons coatribute to the selection of Cd and Zn for the continuation
of these studies. Cadmium aad zinc are in the same group as mercury, and
thus have similarly uareactive, closed-shell ground states (ns2) but reactive
lowest excited states (ns!mpl). Howsver, the spin-orbit coupling factors vary
significantly, so ease of singlet-triplet snergy transfer increasss through
the series Za, Cd, Hg. Thus a comparison of the photoreactions of these
species should give an indication of the relative importance of spin-
conserved eaergy (ransfer and chemical reactivity ia the reaction
dynamics. Aa additional advamtage of cadmivm aad zinc is the presence of
both singlet aad triplet excited states with emergiss below the air cutoff,
making the study of both singlet- amd triplat-sensitized reactions

experimentally feasible, as is not coaveaiemt with mercury.

Nonvolatile Cd and Zn are less readily deposited into a matrix than Hg, %0 2
two-chamber Kaoudsea ovea with several mnovel features was designed and
constructed, eanabling coatrolled quamtities of metal atoms 0 be codeposited
with the reactamt species and matrix gas. This chapter describes that
apparatus aad the UV spectroscopic studies comducted to characterize the
Knudsen cell, including the observation of some matrix effects om atomic
absorption spectra. In addition, results of anempted photosensitized
reactions of scveral small organic molecules with Cd are reported and

discussed.
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EXPERIMENTAL SECTION

Koudsen cell

Cadmium was introduced into matrix samples using a Knudsen cell, shown in
Figure 1. The cell consisted of two independently hested ovens: The
temperature of the metal-filled rear oven determined the rate of deposition,
according 10 the Knudsen equation 44 and the second oven was superheated
in order 10 dissociate the weak (2 kcal/mol) boad of Cd245 and thersby
incresse the ratio of atomic o distomic wmetal species deposited.46.47 The cell
was fabricated of Iavar for its low cosfficient of thermal expansion and of
demountable pieces for sase of cleaning and filling. The two ovens wers
separated with a ceramic "MaCor" (Comming) ~-«cer, 10 slow heat traasfer and
maximize the thermal gradieat beiween the twu ovens, and the assembled
cellmluldlomvuhmllvubdu. The channe! between the two
chambers was of relatively large bore, 30 that the pressure in the two
chambers was equal aad molecular effusion was impeded omly by the | mm
effusion orifice.4¢ Each oves was provided with a heater, made of | mm
inconel-sheathed "Thermocoax” heater cable (Amperex Electronic
Corporation) tigitly coiled and brazed om0 the ovea surface, and with a type
K thermocouple, made of mached, 0.10° chrome! and alumel wires (Omega)
and cemented im0 the drilled thermocowple wells with Omega "CC" high-
tempersture cemest. Temperstures wers measured near the ceramic spacer
30 that the temperature differeace (T2 - T)) measured was a lower limit.

The cell was moumted inside a stainless stoel vacwum chamber, showa in
Figure 2, whick atached directly to the cryostat vacwum shroud. A quarter-
inch O.D. deposition jet emtered the chamber abowt 2" from the substrate. An



Figure 1: Two-Chamber Knudsen Cell for tMetal Atom Deposition (twice actual size)
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Figure 2. Vacuum Chamber and Elght-Conductor Flange for Metal Atom Deposition with Knudsen Cell (actual size)
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eight-conductor "Del-Seal” high-vacoum 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 om the flange, facilitating removal and -- -
sccess for maintenance. The stiff chromel leads of the two thermocouples,
insulated with a column of small pomla_in beads, were inserted through the
two open bolt holes of the cell, such that when the flange was attached to the
chamber, the cell was suspended axially in the center of the chamber by the
chromel rods. The distance of the csll from the substrate could be fixed by
the use of larger porcelain beads a3 spacers.

Connecting the beater and thermocoupls leads to the flange conductors
proved 10 be a major challenge, a8 the comstraiats of high temperaturs
tolerance and small space requirements wers demaading. After some
experimeniation, the stripped, Nichrome eads of the "Thermocoax" heaters
were attached to the heavier copper coadeciors with crude but effective
connectors made of 0.010" copper foil, snipped and folded into pockets which
held the two wires in close proximity but could be unfolded for
nondestructive disassembly of the csll. Thermocouple wires were spot-
welded to the appropriste comductors, a method which necessitated
destruction aad reweldiag uwpom each cell disassembly, sad thus occasional
replacement of a damaged thermocowple, but which was nonetheless deemed
an acceptably simple solutioa.

Power 10 each heater was supplied by a Varisc power supply, comnected
through a iransformer (25-28 V owtpmt st 3 A). Each thermocouple was

connected with insulated, duplex, type K thermocouple wire through a



reference junction held at 0° C in aa 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 mamufacturer.*3  Deposition temperatures
quoted were calculated using 2 simple computer routine to find the time-
weighted averags 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 IR experiment, the cell was preheated with
approximate power settings of 10 V for the firt ovea (P; = 10 V) and 25 V for
the second (P2 = 25 V), ustil T was within 20-40° C of the desired setting. The
first power supply was then tumed off 30 that the two ovens could stabilize,
such that the power supplied to P2 was sufficiem w0 maistain both ovens at
nearly coastant or slightly iacreasing temperstures, with a differsnce (T3 -
Ty1) of 70 1o 100° C. Thus the deposition temperaure Ty was ultimately
determined by the power P2 supplied 10 the second ovem. Under the
conditions described above, Py = 25 V comesponded to T = 220° C, Ty = 310° C.
For experimests doms ia the Perkin-Elmer 450 UV spectrometer, optimal
metal concentrations were lower, thus a typical setting for P2 was 20 V, with
Ty« 150°C. '

Deposition rates wers calculsted assuming ideal Kauwdsea effusiont?

-V B

where N is the flow rate in particles/s, d and ! are the diameter and
thickmess, respectively, of the cffusion orifice, m is the stomic mass of the
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metal, k is the Boltzmann constant, pg 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 target44 No correction was
made for the fact that some distomic species were deposited; that is, the
deposition rates include all Cd particles rather than just Cd atoms. For this
systom, d = | mm aad { = 1.5 mm, sssuming the orifice was fabricated to
specifications, whils R a | cm (2 cm substrats) and D = 7.9 cm. The size of the
aperture on the plate uuch!u the chamber to the cryostat was selected to
provide the same collection fraction (0.0156) as the assumed substrats size.
Calculated deposition rates for various temperatures are shown in Table 1.
Rates for temperstures betweea the kmowa data pointsS! wers extrapolated

assuming a linear slope between the two nearest poimts.

Maigrials
Cadmium was obtsined as 0.64 mm wire from Alfs, with a stasted purity of 99.999%. A f

about 0.7 g lasted for ssveral experiments. If the metal-filled cell was
exposed to atmospheric moisture for more than a few hours, a greenish
coating, presumably CdO, formed om the surface of the metal and inhibited Cd
deposition. This could be preveated by storing the filled cell, if removed
from the vacuum system, im plastic with CaCly desiccant aad an occasional
nitrogen flush, or corrected by washing the metal with a dilute solwtion of
HCl uniil the shiny appearamce was restored. The metal was then rinsed with
water and acetone and dried with a stream of nitrogea before replacement in
the cell.

Argon, krypton and xemom were obtained from Matheson (Ar) and Airco (Kr
and Xe) and were of 99.995%, 99.995%, and 99.9995% purity, respectively.



Table 1: Knudsen Deposition Rates for Cadmium Atoms
Temperature, K (°C)? Deposition Rate, mmol/h M/Rb
368 (99) 8.55(10°%) 58,500,000
390 (117) 8.31(10°8%) 6,020,000
400 (127) 2.1410°7) 2,340,000
416 (143) 8.05(10°7) 621,000
447 (174) 7.76(10°5) 64,400
486 (213) 7.44(10°%) 6700
500 (227) 1.53(104) 3300
532 (259) 7.11(10°%) 700
587 (314) 6.77(10°3) 74

Stemperstures for which vapor pressure data is available; from
reference 51.

bmatrix/reactant ratio, assuming a typical rate of deposition of matrix

gas, 0.5 mmol/h.



Acetylene was obtained from Pacific Oxygen and purified as described in
Chapter 1. Propyne from Linde, cyclopropane from Matheson (99%), 2-
chloro-1,1-diflurocthene from PCR Inc., and vinyl chloridic of unknown
parentage were used without further purification. Cyclobutane was from
Columbia Organic (99%) and was trested with two freeze-pump-thaw cycles
in liquid nitmnn'bcron use. Matrix gas/organic reactant mixtures were

prepared as in Mur I and at 100:1 concentrations unless otherwise noted.

Speciroacopy
UV spectra ware recorded o a Perkia-Elmer model 450 duai-beam spectrophotometer

sample compartment modified to accomodate the cryostat described ,
previously. The specified resolution of the double-prism monochromator
was 0.1 nm with a waveleagth accuracy of 0.08 nm, althowgh in practice the
poor signal-to-noise ratio reduced the effective resolution. Wavslength
calibration was verified using the visible line spectrum of the D3 source,
with the instrument in single-beam mode and the slits at 003 mm. The D3
source was also used as a samrow-band photolysis sowrce for
photoaggregation studies, with the slits opeaed to 3 mm at the selected

wavelength.

The external windows and substrate were Balz or CaF; from Harshaw and the
bassline was slectromically compensasted for thess eciements st room
temperature, versus the smpty refereace compartment, them re-recorded
after cooldown. The full optical path was coatinuously purged with nitrogen
to pemit collection of data dowa to 185 am. Ar samples were deposited at 12
K, Kr at 20 K, and Xs at 25 K, although in Inter IR experimeats deposition of
Kr mixtures on an usheated substrate (12 K) was found to produce better-
isolated matrices (narrower IR bandwidths) than 20 K deposition, possibly



because the subsirate was slightly warmed by deposition of hot Cd atoms or
simply by long exposure 1o the hot Knudsen cell.

For experiments involving codeposition of the metal with an organic
reactant, infrared spectra were colleciod on one of the two IBM FTIR
spectrometers described previously, the IR97 or the IR44, Resolution was 0.5
cm-! and 200 scans were collected from 4000 to 400 cm!, Occasional
impurity bands mesr 2340 and 660 cm"! are easily assigned to CO2, a common
contaminant in matrix samples due 10 small air leaks, Samples which were
doped with Cd, hovever, habitually exhibited much stromger COz absorptions
than uandoped samples, suggesting that, despite comtinwous evacwation of the
cryostat assembly, a sigmificant amowat of CO3 was adsorbed om the metal
surfaces of the Kaudsen cell and chamber and desorbed upom heating of the
cell. Frequemt opesaing of the cryostat 10 clean the substrats ¢ perform
repiirs no doudt sxacerbated the problem.

Another, unideatified, impurity abeorption & 1024 cm-! was quite persistent
throughout the series of experiments with Cd, but its imtensity did not
correlate with the CO2 intensities, Cd concentrallon, deposition time or rate,
or oven temperature, nor was it coastaat with resctaat mixturs or substrate
cleanliness. Ths wakmowa absorption did mot dimimish with photolysis. This
frequency is pear the siromgest absorption of ozome isolated im Kr, 1033
cm-1.52  Siace this band had mot appesred in aay of the earlier work, for
example, that with the dichlorosthemes, the possibility of reaction of Cd with
oxygen from as air leak was comsidersd, in analogy to the spontancous
reaction of Ge sioms with O2 upom codeposition ia Kr, 1o form O3 aad GeQ.53
Too, Cd and O3 rvact spomtaneously, w0 form CdO, CdOO or CdO3.54 but no CdO,
absorptions were observed im amy spectra. Furthermore, an air leak large

(8]
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enough to producc detectable amounts of ozome, but mo 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.

Bhatolysis o , )
For studies dons in the UV spectrophotometer, only the D3 source could be

used to irradiate the sample as described above, becsuse' the Knudsen cell
deposition apparatus was moumted in the oaly cryostat port not blocked by
the spectrometer frame. For IR spectroscopic studiss, photolysis was
performed with one of two sowrces. The 1000-W Hg-Xe arc lamp duscribed
previously provided a coatineum dowa 0 200 nm, the air cutoff, and was
used in comjunction with a oae-inch aperture near the sample (0 minimize
radiative heating of the sample holder. [Intsrfereacs or cutoff filters were
smployed to select portions of the waveleagth range, with specifications as
follows: 325 am interference filter, Agyax = 325 nm, Ty = 7.1%, FWHM = 29
am (same as filler "2" in reference 37); 280 am cutoff filter, 0% T & 270 nm,
5% at 280 am, 12% at 290 am. The NA:YAG-pumped dye laser was used with
DCM dys (Exciton) in electronics-grade methanol; frequency-doubled, this
couldbctuodwdnCd(’h)‘mcuSISnnhKrmyix.

In the work discussed in Chapters I and II, a matrix sample was deposited
from the "back”™ of the cryostat, 30 that after roiating the sample 130°, it
could be illuminated from the fromt, with the light directly impinging on the
sample. Uniortuaawely, the geometry of the sample compartment of the IR44
instrument necessitated mountiag the Knudsen cell chamber on the fromt
port of the cryostat shroud. Thus irradistion was accomplished by reflecting
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the source beam off two mirrors mounted at right angles, as in the diagram

below.
llﬂwuh
L

mirrors

/-

This cericinly resulted in & lower phoiclysis efficiency, due to losses both
from imperfect alignmeat aad, pirticularly in the shorisr wavelength
regime, from the fact that the mirrors were not selected for high UV
reflectance. Since adequacy of the photom flux was of much concsm in the
sensitization experiments, the optical aligament of the photolysis setup was
reproduced and the lamp power measured with a Scientech 380105 meter
through various filiers. While the actual powsr levels obuined are not
considersd accurate, comparison of the power recorded throagh a Coming
7-54 filter (bandpass 224-400 nm) with and withcut the mirrorr ia the opiical
path (equivaleat to dlroet, vs. indirect photolysis) indicates that :ocal mirror
losses in the UV were Minudy 50%. For the actual experimental setup,
fluorescence from 3 card held in fromt of the photolysis window indicated
that at [cast some UV light was reaching the sample. It cam be assumed that

photolysis is direct unless otherwise noted.
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RESULTS: Cd Absorption Studies

lnotderto.mtthchudmcelladdmmileopti-umdeposiﬁon

parameters, samples of cadmium i argom, krypton, and xenon matrices were
prepared and UV asbeorptica spectra recorded. Of panticular interest was the ..
ability 0 prepare a sample of isolsed Cd atoms at a desired concentration,
minimizing the quamtities of cadmivm dimers aad higher aggregaws. The
majority of the studies were dome im Ar matrix, for reasons that will be
discussed lster, but some experiments were also performed in Kr and Xe.

Cd in Ar Masrix

As the spectra in Figurs 3 show, at high dilutions (M/R = 109-10%), a single
stroag festurs was recorded with maxima s’ 219.6 aad 221.5 am aad a til 1
237 sm, and with 3 full widh at hall-maximem absorbence (FWHM) of 1150
cm-l. This festure appeared sometimes s a dowblet and other times as aa
unevea triplet. At dilutions from 105 w0 104, the relative imeasity of the 237
am tail increased amd additional festwres appeared, a dowblet at 204.4/205.6, a
broad, stroager band at 272.7 aad oms st 260.3 mm, as well as a weak, namrow
bead at 311 am (FWEM 520 cm'l). A week, broad bead st 247 am became
visible st MR s 104

Several absorption festures were imadisted with the spectrometer dewterium
source ia order 10 look for svideace of photoaggregation. Irradistion st the
central waveleagth of the strongest festure (221.0 am, 30 min) and om its
shoulder (234.8 »m, 20 mia) caused neither bleaching of this featurs nor
growth of others. Likewise, irradistion of other bands at 273.0 am (90 min),
2610 am (60 min), and 2050 am (10.5 h} cawsed n0 spectral chamges.
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€4 in Kr Matrix

A single strong abeorption appeared at high dilutioa (M/R = 122,000), a
triplet with maxima at 2254, 226.7, and 228.1 nm and with a shoulder at 236
nm, scen in Figere 4. Coatinued deposition at M/R = 11,400 resulted in
features—further to the biwe at 201.5 and 209.3/210.7, and higher-wavelength
absorptions st 253, 266.5, and 277 nm, while a sharper festure appearsd at
315.1 with 3 shoulder at 3163 nm.

For one spectrum of a Cd/Kr sample, the lategrated sbsorbance of lhe
principle festure near 226 am, includiag shoulders, was determined as
follows. Since the dsta wers collected ia tramsmittance waits, the spectrum
in the region of imwerest (246-215 am) was first mamually coavened w0
absorbance, the baseline (spectrum of the cold substrate) mormalized owt, and
the scattering due to the matrix (assumed w0 be limesr) subtracved. The
spectrum was thea plotted limsarly in v aad graphically istegrated to
obtained a total absorbaace Of 2484 cm°! for this festure.

Cd ia Xa Maxix

QOaly low Cd comcentrations could be studied in Xe, as this matrix stroagly
scatters UV ligin aad samples became optically opaque befors sufficieat
Cd/Xe was deposied for higher-comcemtration samples. The sole feature
obesrved ia Xe st M/R = 146,000 was a stroeg, sharp triplet &t 233.6, 235.0, and
236.3 am, displayed in Figers S. The most concemtrated sample stedied (MR =
82,000) showed mo additiomal basds.
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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 55.36.57  Agsignments of both atomic and multimeric features
have been made, snd no major discrepancies are reported here. Thus the
purpose of this section is to analyze the experiments done 10 characterize the
Knudsen cell and to show that the mew apparatus gives improved results over
the device used in preliminary Cd photosensitization studies.57 The
spectroscopy of Cd will not be discuseed in detsil, as this was dome thoroughly
in the earlier work aad thus is not sew information. Furthermore, the
spectrometer has detsriorated such that the presemt spectral data, although
in agreement with that of Cartland and others, is of poorer quality. However,
some intsreming observations have beea made, panticularly with regard 10
matrix effects oam oecillator streagth and frequeacy shifts, and are discussed
both in terms of their insate imterest amd their influeace om metal atom

photochemistry.

Assignment of Absorption Spectra

Cd in Ar Matrix. The positions of the obesrved absorption festures maich,
within the experimental uncertainty, thoss seea by Cartland37 and thus are
accordingly assigned, as moted in Table 2. The firm spectral feature to
appear, &t 221 am, is ouily.m a8 the Cd (1P)~1Sg) asomic sborption.
The triplet structure moted by Cartlaad and discussed in terms of Jahn-Teller
effectsS® is not reproducibly resolved, althowgh the structure which could be
resolved in this study is comsistemt with the previous discussion. The line at
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Table 2: Cd Absorption Features in Rare Gas Solids

Cd/Ard Cd/Kr? Cd/Xe
A, nm A, am A, nm Assignment
316.8
3 315.1 Cd (3P 1Sp)
272.7 277 Cdz (2%, «1Z%p)
260.3 266.5 Cd aggrsgate
247 253 Cd aggregate
228.1 236.3 :
221.5 226.7 2350 Cd (1P1«18p)
219.6 2254 233.6
208.6 210.7 .
204.4 209.3 Cda (i1, «-1:"")
201.5 Cd aggregate

2Not all festures observed in all spectra; ses text.



311 om is the (3P;«1S0) transition, again with structure that is

irreproducible, but mot incomsistem with Cartland's findings.

Some of the remaining features are also easily identified, such as the
transition to the lowest Cd2 excited mate, (1Z%, «12%), at 272 am.59 The
signal-to-noise ratio of the data asd the inability to perform scale expansion
do not permit resolution of the vibromic structure observed in previous
studies. The short-wavelength doublet at 204/205 nm is "reasonably”
assigned by Ault and Andrews’? to absorption 10 the 11T, state of the Cd;
moleculs, a transition observed at 221.2 nm in the gas phase.50 They also
discuss the 261 nm festurs and attribwe it to a Cd aggregats, but later
workers from the same laboratory resssign this feature to a mixed ZaCd
dimer.6! However, the intensity of this festure in the preseat spectra would
imply that the cadmiuwm wirs in use has 2 large quanility of zisc impurity,
cm@mqumamm 10°5. Furthermors, the
published spectrum in the mized-metal study shows a distinct festurs at 261
nm in the Cd (no zinc) experimemt, similar to that observed here. Thus, we
suggest that the stroag 261 am fessure observed in the Zn/Cd experiments
and assigned to the mixed-metal species overlsps a weaker feature, which the
observations indicase is dee w0 a Cd aggregais species alonme.

Thc247ufcmmmoﬂodbycwadhtmbyo¢crmn.nd
its appsaraace oaly at loag deposition times and higher temperstures
suggests st it is also due o a cadmiem aggregate. Bands reported by
Cartland at 347, 305, 296, 286, 198 aed 192 nm were not observed hers. If
these are due to higher Cd multimers, their absence here suggests that the
distribution of Cd cluster sizes prodeced by the Knudsem cell is more strongly
weighted toward the momomer thaa that produced by Cartlaad’s filament, not



a surprising result. Mixed species of Cd with Ni and Cr from the Cd-wrapped
nichrome filament perhaps contribute to the spectral complexity in the

earlier work.

The insensitivity of the spectrum to UV irradistion coafirms Cartland's
conclusion that Cd is not subject to the photoinduced clustering observed for
other metal atoms in matrices,52:63 5 fact that was important in the

interpretation of the photochemical results.37.64

Cd In Kr Matrix. The krypton matrix spectra obiained in the current study
agres with the previous work. The spectrum shows traasitions to the same
stomic (1P, 3P) and dimeric (':*.;ln.) sates a8 in Ar, and the 266 nm band
corresponds to the 261 nm band in Ar, as indicasted in Table 2. Cartland
assigns the festure at 202 am to am aggregme. Ia conmtrast 10 the earlier
work, we were umable to observe simuliameously the !P; amd JP; absorptions
. in Kr or amy other matrix.

Cd in Xe Matrix. The (1P« 1Sg) stomic tramsition near 235 nm is the only
featurs observed but is in good sgreement with that reporied by Cartland.
The absence of fesures dus to molecular species and the decressed breadth
of the atomic abeorption compared w0 Cartland's data suggest aa improvement
in the ability to produce a sample of mstrix-isolsted atoms.

Raduction of Muktimer Progaction

The sharpaess of the stromg absorption first to asppesr in all matrices,
Cd (1P« 18¢). indicates that at low comcemtrations a quite homogeneous
sample of isolated atoms is deposited. As deposition proceeds, the atomic
absorption develops a significamt shoulder and tail, suggesting
beterogeneity of substitutional sites (i.c. varying Cd-Xe interactions)s S
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and/or some nonnearest-neighbor (Cd-Cd) interactioms which alter the

relative energies of the two states involved in the transition. 6

Due to its intensity, the allowed atomic absorption could not be observed on
the same scale as the dimer absorptioms, but the forbidden transition to the
atomic Cd (3P)) stse and the fully allowsd Cd; (1% « 1Z*p) dimer absorption
become visible: at similar coscentrstions. Thus the relative intensities of
these two feaures in Ar wers used as a qualitative measurs of the proportion
of monomer to dimer, although no queatitative study could be done without
knowledge of the extinction coefficieat for the Cdy tramsition. Since the Cd
(3P;) absorption would be weakest, or most strictly forbidden, in this light
medium with lower _spin-orblt coupling thaa Kr or Xe, the absorption
spectrum in Ar provided the most severs test of the ability of the oven 10

dissociate dimers.

Qur inability w0 obeerve the siaglet aad triplet atomic festures om the same
scale is somewhat puzsling, as Cartland was able to do 30 in both Kr and Xe,
One possibility is that in s imperfectly isolsted sample. Cd stoms in sites
which are meighboring but mot withia boading distasce may experience a
mutual heavy-siom effect. Indeed, imterrctions of this naure are kaown to
cause electromic perturbations. For example, Ozia’s group$S observes two
different Cuj species in Xe matrix, one a weskly cowpled xemom cage complex,
formed in next-nearest-nsighbor vacascy sites aad with a distinct
absorption spectrum from thr “sormal” dicopper. Cu2 separsted by the gas-
phase internuclear distance & . isolated in the xemom Iattice. Lf triplet
oscillator streagths of sech stoms are embamced relative to a truly isolated
atom, excitation of the Cd 3P) stae would be wore efficient in the less well-
isolated sample. Thus, iromically, techaical improvement in the ability to



135

isolate the metal atom photosensitizer in a matrix may in fact decrease its

ability to absorb the light necessary to initiate excited-state chemistry.

Matrix Frequency Shifts

Recent work on the matrix-induced frequency shifts of transition metal
atoms in matricesS6 prompted a reexaminmion of the shifs observed for the
group 12 metals. For abeorptions of Ru, Os and Ir ia Ar, Kr sad Xe, 32 well a1
for other authors' data on matrix-isolated NI, Mo, Ag and Au, resonancs
frequencies correlats linearly with the polarizability of the matrix, whereas
Y, R, Pd and Pt show strong devistions in Xe from the slopes extrapolated
from the Ar aad Kr points. Jerag and Klabunde, in agresment with previous
discussions,§7.68.69 interpret this to mean that the major source of the
frequency shift is vaa der Waals interaction of the guest and host, but that
additional interactions are iavolved, particularly in Xe, for the species which
do mot correlats linearly.

A similar plot of the shifts from the gas phass for Zn, Cd and Hg (table 3 and
figure 6) also shows essentially linear behavior, coasistent with the metals
previously studied. One very striking featurs of this plot, which differs from
the previous study, is that the lines fall into two distinct groups based on
slope and degres of linearltly. Murthermors, the groupings are related to the
upper siate of the tramsiticn, !P; or 3P;. The plois for the triplet transitions
are much less meeply sioped thaa the simglet plots, indicating that the triplet
traasition frequencies vary less stromgly with matrix. Too, all the triplet
data points are above zer0, or blus-shifted from the gas phase, while the
singlet tramsitions exhibit a red shift in xenon. Finally, the triplet plots are
nearly perfectly linear, while the singlet plots show a positive devistion of
the xenon points compared 10 the extrapolated Ar-Kr slopes. The fact that a



Tsble 3: Atomic Transitions of Group 12 Metals in Rare Gas Solids?

Medium Transition A(Zn), am A(Cd), am A(Hg), nm
gas phase®  3P1-18g 307.7 326.2 253.7
1p1e=18g 2139 2289 134.9
Ar P18 297¢ 312.4 245.3¢
P18 206.9 221.0 178.54
Kr P18y 301¢ 316.0 248.9
P18y 212.8 226.6 183.5d
Xa P18 - 322.8 253.2
1P1=189 214.9 2289 134.9
‘f;on reference 57: waveleagths listed ars approximate band centers.
bfrom referencs 70.
Cfrom referemce 359. -
dfrom refereace 71.
Cfrom referemce 72.
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Figure 6: Frequency Shifts from the Gas Phase Of Group 12 Metal Atom Absorptions in 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 does Figure 6, demonstrates that these
trends are unambiguously related 10 the states involved in ihe tranmsition,

rather than simply to the absolute absorption frequency.

Jeong and Klabunde attribute the deviations observed for some metal atoms
in Xe to formation of a wesk complex with the highly polarizabie xenon,
noting that the more polarizable metals showed greater xenon effects. We
observe the same deviation for the singlet transitions of the group 12 metals,
yet not for the triplet tramsitions, Recent molecular beam investigations of
excited states of van der Waals complexes formed betweea Cd and rare gases
(Rg)26.27 are helpful in explaining this bebavior. As seen in the table
below, the binding“energiel of the CdRg ground states vary little throughout
the rare gas series, while the excited statse binding energies are noi only
larger, but increase quite dramatically as the poluiubilit'y of the iare gas

increases.
specics De.sml: X1lz* Almy cim
CdNe 39 7 39
CdAr 96 325 S44
CdKr 123 513 1036
CdXe 176 . .

Sdata from references 26 and 27; CdXe bound excited states mot
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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ground stme, with iacreasiag Rg polarizability, precisely a. is observed. The
paniicular froquency of abeorption, aad its relstion to the gas-phase
resonance, depend om the shape of the upper poteatial curve in tke Franck-
Condon-accessible rsgion, and thus casnot be predicted simply from well
depths.

The tabulated data also show that the first singiet excited siates of the
compiexes, C I, which correlate with Cd 1Py + Rg, are strocgly bound,
whils the low-lyiag A 311 wmates, which correlate with Cd (3P)) + Rg, are more
weakly bouad. In the matrix, an smalogous sffect Is expected: The singlet
ststes are more stroagly iaflueaced by the rare gas tham the triplets, hence
show much grester varistion with matrix, just as seen ia Figurs 6. As Funk
et ol. sos for the vam der Waals molecules, the priaciple difference in the
C UMy and A 3T stases lies in the spatial characieristics of the Cd p orbital in
the singlet vs. triplet stases. Elactron correlation causes the 3P s and »
slectroas to spend more time further apant, thus increasing electron-
aucleus attraction sad shrinking the effective atomic size. Thus the greater
boad streagths for the C IIT; states are due t0 the larger polarizability of the
Cd 'P; sae sad the larger spatial sxiest of the p orbital in that mme. Upon
surroundiag the metal mom with a full shell of Rg species, 3¢ in a matrix,
similar, or eves more proacusced, effects are obtaimed.

Thus, the fiadings relating the size of the matrix frequency shift 10 the
multiplicity of the excited state are seen t0 be coasisseat both with previous
findings om matrix frequeacy shifts and with gas phase investigaions of
van der Waals boading. Ia addition, comparison of stabilities of electronic
siates of rare gas vam der Waals molecules successfully predicts the matrix
trends, although not the absolwte frequemcies. The M(Rg)y complex preseat



in a matrix may be modeled, at least qualitmively, 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 ideatifying and understanding the electronic
spectrum, and lessea the directaess of its relation to the gas-phase spectrum,
it also provides a very sensitive probe of the nature of the interactions
between the guwest and “iment” host.

Calculation of Cd Qacilimor Steogth
To test the validity of deposition rates calculated sssuming ideal Knudsen

effusion, the oscillsor streagth of the Cd (1P« 18p) absorption in Kr matrix
was determined from the UV spectrum, for comparisom to the kamown
experimental value in the gas phase. The atomic oscillator streagth fum for a

transition betwesa states m and & is

e

where mq and ¢ are the mass and charge of the clectron, ¢ is the speed of
li(h.ndﬁcimc;tdisﬁcmdmcmucdu.vhhvil
cm-1.57.73 a the solid stase, an electric fleld correction factor F must be
included, which for am isotropic crystal cam be expressed in terms of the
refractive index a a¢

F-—.’-l—
a2 + 2}
For Kr at 4 K, we refractive index is 1.28,74 aad thus F = 0.87. The absorption
cross sectioa cam in turm be expressed (here in umintegrated form) as

)= S m 10)
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where A(v) is the absorbance and Nl is the concentration, cxpressed in units
convenient for matrix samples, atoms/cm2. When integrated over v, A(v) is
just the total absorbance determined from the spectrum, 2484 cm-l, and the
constant NI is calculated via the Knudsea cffusiom oquation, discussed
previously. For this panicular experiment, the deposition was done in two
stages: 2 34-miawie codeposition st sa average temperature of 410 K,
followed by a 67-minute deposidom at 435 K. This yields & total of 5.95(10°6)
mmol deposited over a tacget ares of 2.8 cm?, 10 give a concentration N1 of
1.28(1015) atoms/cm2. The wtal integrated absorption cross section is thus
$.43(10°13) cm, sad the oscillsor strength fym for the observed traasition in
Kr is 0.829. |

This agrees surprisingly well with the gas phase experimental value of
1.20.75  As aa immediste comsequence, such agresmest imspires comfidence
in the use of Knwdsen effusion rasss 10 dowsrmins metal comcemtrations of
matrices deposited witk this apparatus. I costrast, the value calculated by
Cartland’7 for the Hg (3P« 18g) tramsition ia Kr matrix, 1.8(10°3), was over
an ‘order of magnitude smaller than the gas phase value of 2.55(10°2).70 As
graphical integration of the abeorption featurs was employed ian the present
calculation, rather than the approximation wsed by Cartland,

[ Ovdv 8 Omexdvy

this may have improved (he accuracy of the calculstion. As Cartland
correctly notes, however, the Hg (3P« 1Sg) line shape is “"well-behaved,”
and thus it seems walikely that this spproximation could be the source of
such a large deviation.
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More interesting are the possible physical bases for a real difference in the
two cases, Hg aad Cd. Differences in oscillator strength in solution are
usually attributed to a solvent perturbation of the electronic transition.”3
Since the same matrix material, krypton, was used in both experiments, the
matrix alone caamot be responsible for the effects demonstrated here.
However, the (ransitions studied were qualitatively quite different, one a
fully allowed singlet-singlet transition and the other a singlet-triplet
transiton. Since the ground state is 189 in both cuul. if singlet and triplet
excited states imteract differently with the matrix cage, a large difference in
the medium depeadence of oscillmor strength for the two types of traasitions
might result, as indeed has been noted for frequeacy shifts.

Gruen$7 is ome of the few authors to discuss oscillator streagths of electromic
transitions of metal atoms ia matrices, helpfully coacludiag that “f values
can be expected to imcrease, decresse, or remain relatively umaffected.” He
aotes that for a member of tramsition metals in matrices, fyy values are ome
to two orders of magnitude lower thaa values determined from gas-phase
emission measurements. For amother example, however, that of Au (2P« 2S)
in Ar, Kr aad Xe, matrix fgn values are in good agreement with the gas-phase
numbers, although with an intriguing dowaward tread in the order Ar > Kr >
Xe. 2 tread which, if general, may well accoust for the lack of observation of
an external heavy atom effect for Hg absorption spectra.76 Some gas-phase
results are relevant 10 this problem as well; for example, the decline in.
oscillator strengths for the Hg (3P¢1Sp) absorpiion under high pressures
of foreign gas. Finally, calculations for the X« A transitions of LiHe and
NaHe give decreasing fyy values with decressing M-He distance along the

molecular axis, suggesting that matrix fygy 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 oscillsor streagth calculmion remains a useful tool in

justifying reliance om Kaudsea-derived concentrations.
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RESULTS AND DISCUSSION: Excited-Stae Reactions of Cd with Haloethenes

Results

Vinyl chloride (VCI). The cadmium-photosensitized reaction of vinyl
chloride was studied as a test of our ability 10 generate Cd (3P) in a matrix.
Cartland had previously studied this reaction and foumd that, in kryptoa
matrix, viayl chloride was imert to direct photolysis (A > 200 nm). but that
strong absorbances dws to reaction products were observed when the sample
was doped with Cd and illuminsted at 325 nm to selectively excits the Cd (3P)
state,40.57

Indirect photolysis through a 325 am imterfereace filter for 1.5 h of a
1:340:34,000 Cd/VCU/Kr sample resulted in m0 products, while continued
irradistion for 4.0 h with 2 230 am cwioff filier yielded distinct photoproduct
festures, 4 doublet st 746.7 sad 7340 cm-! aad wmother feature at 27666 cml.
An additional 4.7 k uafiltered photolysis (A > 200 am) caused growth of these
festures and of sa additional band &t 3276.6 cm°l. Samples with a ienfold
higher concentration of Cd gave the same, weak, product absorptions after
similarly lengthy photolysis times, while am uadoped sample of VCI/Kr 1:100
developed a0 product absorptioas afier 1.2 h of broadband photolysis, in
agreement with the prior work. |

2.chlere-1,1-difluereethene (CDFE). Due to limited success in
reproduciag previous results with viayl chloride. another previously swudied
molecule, 2-chloro-1,1-difluoroethens, 37 was selecied to furber verify Cd
(3P) generation ia the matrix. A sample of CA/CDFE/Kr 1:20:2000, irradisted
directly through a 325 am interference filter for 3.0 h, developed broad
infrared absorptions at 1678, 1071, 913, 1253, aad 771 cm-l. Continuved



photolysis (3.9 h) with the glass cutoff filter (A > 280 am) resulted in further
growth and sharpening of these features, and additional features at 1732, 656,
and 542 cm-! became apparent as well. These features are listed in Table 4
and compared with the previous work, and the difference spectrum is
nressnted in Figure 7.

Discussion of Individual Systems
Vinyl chioride. The inltial photoproduct festurss ars readily identified as

the HC! stretch (2766.6 cm"!) snd v3 bead of CaH2 (748.7, 734.0 cm'!) in the T-
shaped complex HCIeCaH3, the degeneracy of the beand removed by the HCI
cage partner. The less intenss vs CH stretch (3276.6 cm°!) appears at longer
photolysis times and coafirms the product idemtification. As this hydrogen-
bonded complex, the result of HC! slimination, was the primary proﬁuct
observed by Canland,#0.57 iis appearance is a favorable indication of our
ability to cresta Cd-VCl pairs in the matrix and 10 selectively excite Cd 10 i’s

triplet state.

However, agreement with the previous work is incomplete, and this
discrepancy is rather disturbing. Canland observed a secoad product,
(CH2CH)CACl, the product of Cd insertion iato the CCl bond, but we observed
here no absorptions corresponding to those prodect frequencies (1380.4,
1347.9, 1337.7, 1242.1, 1004.3/993 cm-!). In addition, for a 1:55:5500 sample
Cartlaad saw the compiete photoproduct spectrum after oaly 0.5 h irradiation
through a 325 am interference filter with a maximuws transmittance of just
10.3%, while full lamp intensity and much loager photolysis times were

required in these experiments.
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Table 4: Product of 325 nm Photolysis of Cd/CDFE/Kr

Cd-CDFE Cd-CDFE pareat CDFE
this work ref. 37 ref. 372
v, em-l v, cm-l v,cm"l Assignment
3260 32539 ?
31348 CH stretch
1732 1711.0 1771.9 ?
1678 1679.7 1742.2 CC streich
1659
1283 1250.0 1325.0 CF2 sym. stretch
1071 1092.2 1195.3 CH i.p. bend
913 917.2 9683 CF2 asym. stretch
m 770.3 840.6 CH o0.0.p bend
567.2 764.0
656 635.2 753.1 CCl stretch
542 560.9 576.5 CF3 wag

8Parent spectrum verifled experimentally im this work.



0.15 A
A A
A (CFa=CH)CdC!t
E COz
H H0
'0-30 . . o 4 2 Y -y
3200 2800 2400 2000 1600 1200 800

Frequency, cm-?

Figure 7: Difference Spectrum of CA/CDFE/Kr 1:20:2000 at 12 K,
m3.0h1-3250mand3.9h1>280mnphololysis

Ll



2-chloro-1,1-difluoreethene. Comparison of the product frequencies
with those scea before (table 4) shows that the photoproduct formed in these
cxperiments has similar, but not idemtical, absorptions to the product
identified by Cartland ss (CFaCH)CAC1.37 Most bands ur  vgo frequency
shifts of 2-21 cm'l, However, as the bandwidths are broad in both this and
the prior work, both sets of frequeacies fall within the bandwidth and thus
can be considered the same within experimental error. Thus it is concluded
that the photoproduct obssrved hers is the same Cd insertion product
previously reported, with a slightly perturbed infrared spectrum perhaps
related to the differemt deposition sad photolysis comditions of the
experiment. The observation of metal stom photochemistry is reassuring.
Hydrogen chloride slimination from vimyl chloride gives omly indirect
evideace of Cd (3P) panicipatior. but the metallorganic product requires the
involvement of both the ~»wium 2'sm sad the enmergy it carries, and thus
affirms the presence of triplet Cd in the matrix. Again, though, the long
photolysis times required to distinguish the product spectrum indicats that
Cd (3P) excitation is rather inefficient, as in the case of vinyl chloride.

General Discussion
The experiments with viayl chloride amd chlorodifluoroethens were

intended merely to conflrm that the expetimental spparstus was operating
as expected, but given the difficulty in reproducing the previous results,
some general discussiom is warraated. Two mais experimental parameters
control the gensration of Cd {IP) in the matrix: the number of photons
available & the sample, and the ability of deposited Cd t0 absorb them. As
noted above, the necessity of adding two mirrors 0 the optical train reduced
photolysis efficiency, but only by a factor of two, much less than the
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observed slowdown. Furthermore, experiments done with the photolysis
beam directly impinging on the sample did not give significantly different
results. The clderly 325 nm interference filter accounts for amother
inhibition, as its maximum transmittance had decreased to 7.1% from 10.3%
in the earlier study. However, use of a cutoff fliter in lieu of the narrow
bandpass fliter increased the photom flux by over aa order of magnitude, yet
photolysis times wers nmot significantly reduced. This procedurs would
compensste as well for aay loss of watiage due to aging of the Hg-Xe source.

The other factor, the ability of Cd to absord the resomamt photons, is a more
likely culprit. Ome possibility, insufficient Cd comceatration, received much
atteation but was satisfactorily eliminated by varistion of the concentration
among samples and verification of the Kaudses coscentration by the
oscillator streagth calculatioa discussed sarlier. Ssvers inhomogeneity of
the sample, such that the comceatration of Cd moms was locally low in the
area of the substrate sampled by the IR beam, also seems unlikely. Typically,
upoa removal from the cryostat after aa experiment, the substrate appeared
to be svenly coated with a metal film. A remaining possibility involves the
extinction coefficient of the (3P« 18g) Cd tramsition in the sample. If, for
reasons of more lhorough Cd isolation as memtioned ia the discussion of
absorption spectra, this coefficient were lower in these samples than in
thoss prepared by Carntland, the populstion of excited cadmium im the sample
would be diminished and perhaps imadequate t0 cause product formation in

amounts detectable in these experiments.



RESULTS AND DISCUSSION: Excited-Staste Reactions of Cd with Hydrocarbons

Resmults: Cvcloalkanes
Cyclopropane (CP). The inufrared spectrum for a sample of cyclopropane
(CP) 1:100 in Kr agreed with literature spectra.’?:78 Doping with Cd did not

alier the spectrum,

Two hours of glass-fllered Irradistion (A > 280 am) of Cd/CP/Kr 1:41:4100

induced two very weak imfrared bands at 1182.1 and 9055 cm"l, the former
near a pareat sbsorption at §72.5 and the Iatter mear an weak, unidentified
band at 1185 cm-l in the deposition spectrum. These did not inteasify with
continwed photolysis, sor did pareat sbsorptions disappesr. These bands

wers not reproduced, wor wers other changes im the spectruw: discemible,
, after 6.1 h of dye laser irradistion & 315.0 am, with an aversge power of 2.6

aw (0.26 mi/pulse 10 Hz).

Cyclebutane (CB). A matrix of ¢-C4Hg/Kr 1:100 st 12 K exhibised iafrared
bands correspondiag to the gas-phase (requeacies.’® No spectral changes
were observed whea the CB/Kr mixture was codeposited with Cd. Four hours
of indirect, fillered (A > 200 am) light from the Hg-Xs arc lamp coused 50
pareat loss or prodwct growth ia a 1:6:620 sample of Cd/CB/Kr. Subsequent
exposure for 9.7 k w0 the wafiltered arc had lo‘lddmonl effect.

Ramlix: Alkynas

Acetylene. The infraced spectrum of Cd/CaH2/Kr 1:8:300 agreed with
previous data for matrix-isolated acetylens.’? Weak bands at 1964.5 and 630.1
cm-l fall mear symmetry-forbiddea absorptions of acetylene at 1964 (v2, CC
stretch) and 631 cm-! (v4, symmetric CH bend), possibly indicating
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perturbation by a Cd cage partner. [rradiation for 7.0 h with the filtered Hg-
Xe lamp (A > 280 nm) initiated growth of a strong, broad band at 2098.8 c¢m-l.
Equipment failure prevented reproduction or further investigation of this

result.

Methylacetylens (MA), A spectrum of Cd/CH3CCH/Kr 1:15:1500 was
consistent with the argoa-matrix spectrum of methylacetylens (MA)S$0
taking into account the expected matrix shift of a few wavenumbers,
Illumination of this sample for 4.4 h with the 280 am cutoff fllter and 3.5 h
unfiltered brought about no spectral differences ascribable to photoproduct

formation.

Discussi
Selection of molecules for studies of chemistry with electronically excited
metal atoms iavolves a complex array of factors. As ome major interest was to
differentiate bestwesa singlet- and triplet-sensitized chemistry, molecules
were considered good caadidates if their photochemistry was kmowa or
suspected to be different om singlet and triplet surfaces. Multiple reaction
paths, to aliow the pcssibility of chaages in product branching ratios, were
also favorable indicators. Energy transfer requires excited siates with
energies less than or equal to the Cd excitation emergies, 125 kcal/mol for
singlets and 39 kcal/mol for tripiets. Finally, the detection scheme
necessitates that both parem and possible products have simple and
assignable IR spectra,

Cyclo:zlkanes. A number of favorable characteristics led to the selection of
cyclopropane as a likely reactant for Cd photosensitization studies. The

possibility of formation and trapping of a metallacyclobutane intermediate



was particularly appealing, as such species are of synthetic and catalytic
interest.41.81 Previous matrix workers found that the é(" bond of
cyclopropane could be activated with relative case by metal atoms. Iron
atoms are reported to imsert iato the ring when irradiated during
codeposition with cyclopropane and argon,32 and Ni inserts spontancously
upon cocondeasation?’ with c-CaHg and Ar. In the gas phase, unligated
metallacyclobutane lons have besn observed as reaction products of

transiationally excited metal ions with cyclopropane.83

Furthermore, a number of hydrocarbon products can be formed from the
suﬁing materials, providing possibilities for photochemical branching. The
energetic situation for the various chanoels is favorable, t0o. 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 kcallmoi for Pd

insertion to form palladacyclobutane.$4 Isomerization of cyclopropane to

propene is 8 kcal/mol exothermic,35 thus placing the lowest propene triplet

excited state almost exactly isoenergetic to Cd (3P) + c-C3Hg.36  Other potential
product channels within energetic reach of ecither singlet or triplet
cadmium excited-state energies include formatiom of ethylene + CH3 or
CdCH3; C3H4 (propyne or allene) + Ha or CdH2; or insertion of Cd inw 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 cyclopropase. - Excitation of Hg (3P) in the
presence of 1,2-dideuterocyclopropane leads to cis-trans isomerization, but
a0 mono- or trideuterocyclopropane formation, meaning that no H-D

exchange takes place.3”7 Thus reaction is believed to occur not through a
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froe radical mechamism but via am excited uripiet dirsdical, a species which
seemed plausible as a precursor to ring insertion of the metal aom.

One objectiox to the cyclopropame system is raised by thermochemical
considerations. Relief of ring strain has beea claimed to drive ring-opening
in metal insertion$$ but since cyclobutane has a higher strain emergy (28
kcal/mol) tham cyclopropsae (27 keal/mol),89 it is not clear that the four-
membered metallacycle will ia fact be significantly lower in smsrgy than
cyclopropans. Indeed, Beauchamp and coworkers have determined strain
snergies of cobeltacyciobutane aad ferracyclobutane to be nmearly as high as
cyclobutase, 22 aad 18 kcal/mol, respectively.33 However, cyclopeatase is
nearly uastrained (5 kcal/moi),$% thus insertion of 2 metal atom iswo
cyclobutane to form a metallacyclopentane is surely enmergetically favorable,
and the ring strain argument is more persuasive. Therefore, cyclobutane
was uudiod'fot this mors advastageous thermochemistry but presumably
otherwise similar ghotochemistry.

Despite all these apparently favoruble indications, both cyclopropane and
cyclobutane were ouite warespomsive t0 Cd (3P)-seasitized photolysis. The
higher excitaticn energy of Hg (3P) may be necessary to generste the
resctive biradical istermediste, while the involvemeat of the d ocbitals is
evideatly importamt in the irom and aickel matrix reactioas. The problems
of Cd oscillmor streagth aad photolysis efficiency discussed befors with
respect to halostheme-cadmium reactions also comtinue 10 be relevast here.

Alkynes. Similar reasoning to the cycloalksse case was employed in
selecting the alkymes as reactamts in the cadmium photosensitization studies.
Reactions of alkymes with metals are of catalytic importamce, and matrix



studies may help to model surface processes.3! In a matrix, acetylene
interacts to varying degrees with metal atoms. Vianyl-like complexes have
been observed for some transition metals?0 and =-type complexes for
others,%0.91 while iron forms a third type of adduct, interacting through the
hydrogen atom.3! Upoa UV photolysis (360 am < A < 280 nm), this compiex
reascts to form the CH insertion product, sthynylirom hydride. With propyne,
however, iron photolaserts into the CC single bond.?2 Thus both CC and CH
bonds ars potentially reactive sites.

One particularly intriguing prospect for the Cd-C2H2 system is the formation
of CduC=CHj;. The rearrangement of acetylens 10 vinylidene has a high
barrier, but metal n2-alkyns complexes rearrange with facility near room
temperature.93 [a the proposed schems, this barrier would be overcome
photochemically instead of thermally and the vinylideme moiety covalently
stabilized by the metal som. In fact, the x-adduct of mickel with acetylene
undergoss just such a reaction, photochemically rearraaging to give nickel
vinylidens with long-waveleagth (A > 400 nm) irradiation, while shorter
wavelengths regenerats the = complex.94 Ab initio calculstions show that
the rearrangement of Bs (3P) + HCCH w0 BOCCH:(’I:‘!NM state) om the
triplet surface is both barrierless and quite exothemic (AH < -60
kcal/mol),35 suggestiag that this scheme is mot am irrstional ome for 3Cd.
which has the same (as, ap) owter clectromic comfigurastion as 3Be.  Another
interssting possibls chaanel is the formation of a metallacyclopropens,
which can be thought of as a tightly bound metal n2-alkyne complex.95 Only
metal-ligated examples are kmowa & ordinary temperatures,?® but matrix
conditions provide am optimal opportumity to trap aa uwnligated
metallacyclopropene.?5  Finally, like cyclopropane, acetylenc has the
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advantages of a rich mercury-sensitized chemistry,3 excited states in the

appropriate energy range,97 and a simple infrared spectrum.

Unfonuat;ly. neither of the alkynes cxamined yielded substantive evidence
of metal atom chemistry. The lome infrared feature observed in one
acetylens experiment holds ouwt some possibility of reactivity in that system,
but the lengthy photolysis time and lack of accompanying features are not
sncouraging, although the experimeat should be repeated bafore being
written off entirely. Agala, perheps the involvemeat of d otbitals is a
prerequisite to reaction, or Cd excitation emergies are insufficieat, and
conceatration and osclllator streagth problems may again come into play.
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CONCLUSIONS

The study of metal atom photochemistry has a long history, yet many questions
remain unanswered. The factors that comtrol the competition among the
primary photophysical and photochemical events have yet to be fully
understood, and for its the ability to stabilize otherwise transieat intermediates
for leisurely study, matrix isolation photochemistry is one of a number of
complementary methods which can coatribute to the unraveling of thess
processes. The group 12 metals are a parnticularly interesting subset of metal
atoms for such investigations, since chemical factors such as valemce-shell
electron coafiguration 'cu bs held comstaat while varying spim-orbit

coupling and thereby access 10 resction surfaces of differemt muliplicity.

To this end, alxudul cell deposition apparatus was designed and fouad to
provide improved coatrol of some perameters imvolved im matrix sample
deposition. As an outgrowth of preliminary spectroscopic studies w0
characterize the new apparatus, some inmtriguing matrix- and tramsition-
dependent effects on frequency shift amd oscillator streagth of matrix-isolated
cadmium atoms were recogrized. Reactions of excited Cd atoms with several
organic substrates were aitempted, aad despite some experimental difficulties,
observation of photoproducts from two kalostheses is evidence that Cd (3P;)
was successfully gemerated in the matrix. Representatives of other classes of
organic molecules, alkynes aad the small, highly strained cycloalkames, were
not found to bs reactive toward cither 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
appropriste molecules for such studies is a complex ecandeavor, but one well
worth further attention. Thus it is hoped that future mdiec will provide new
details of the dynamics of metal-atom photosensitization and further broaden

the understanding of chemistry oa electromically excited hypsersurfaces.
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APPENDIX A:
Thermochemical Relations for the C2H2Clz System

I. Dichioroethenes.

A. Ground states. .
AH(trans-DCE) = +1.2 kcal/mol; AHg(cis-DCE} = +1.0 kcal/mol;
AH(1,1-DCE) = +0.6 kcal/mol. Energies for all other species are
henceforth relative to cis-DCE. ’
Joshi, R. M. J. Macromol. Sci. Chem. 1974, 18, 861; cited in
Canland, H. E;; Pimentsl, Q. C. J. Phys. Chem. 1986, 90, 5485,

B. Excited states.
1. 1{C3H2Cl2])*: !(x.x*) state, sbsorption tail to near 240 nm =
120 keal/mol above ground state. '
Berry, M. J. J. Chem. Phys. 1974, 61, 3114
2. 3[C3H2Cl2]*: 3(x.x*) state, §9-91 kcal/mol above ground state.

Koenting, C. F.; Walzl, K. N.; Kuppermana, A. Chem. Phys. Lern.
1984, 109, 140.

II. Elimination Products aad Related [atermediates.

A, HQ + C2HQL.

1. Ground state, +23 kcal/mol: from standard bond energies,

including -1.8 kcal/mol interaction emergy from hydrogen bond.
Bames, A. J. J. Mol. Struct. 1983, 100, 259; cited in
Canlaad, H. E.; Pimenel, G. C. J. Phys. Chem. 1986, 90, 5485.

2. HHC1)*+CaH<! excited sime, +149 keal/mol: A 111 state of HQY,

44,000 cm'! = 126 kcal/mol sbove grownd state.
Herzberg, G. Molecular Spectra and Molecuilar Structure, vol. I
Vaa Nostrand: New York, 1950; p. 534.

3. HCI!{C2HC)® excited siate, +138 kcal/mol: from absorption

spectrum of C2HCI, 40,000 cm~! = 115 kcal/mol sbove ground state.
Evans, K.; Scheps, R. 8.; Rice, S. A; Heller, D. J. Chem. Soc.
Faraday Trans. 11 1971, 69, 356.



4. HCQW[C2HCI]* excited siate, +118 kcal/mol: by analogy with
Ca2H32, triplet of same symmetry 20 kcal/mol below lowest singlet.
Lischka, H.: Karpfen, A. Chem. Pkys. 1986, 102, 77.

B. Clz + 22,

1. Growmnd state, +51 kcal/mol: from standard bond energies,
includiny: -1 kcal/mol interaction emergy.
Cartiand, H. E.; Pimentel, G. C. J. Phys. Chem. 1986, 96, 543S.
2. 1{C12)+C2H2 excited stase, +125 kcal/mol or more: 1T, mate,
indistinct ouset.
Huber, K. P.; Herzberg, G. Constents of Disomic Molecxies; Van
Nostrand Reinhold: New York, 1979; cited In
Cartland, H. E.: Pimentsl, G. C. J. Phys. Chem. (986, 90, 5488,
3. 3{C12)¢CaH2 excited state, +104 kealmol: 3Mg*, state, 18,310 cm°!
= $2 keal/mol above grouad state.
Hemzbotg, G. Mc:..ular Specira and Molecular Structure, vol. I;
Vaa Nostrsad: New York, 1930; ;. 519.
4. Cl*}{C2H2]* excited sate, +172 kcalmol: 1A state, 42,198 cm-!
= 121 kcal/mol above growad state.
Herzberg, G. Molecular Spectra and Molecular Structure, vol.
IiI; Vaa Nostrsad: New York, 1966; p. 611.
S. Clze3{C2H3]* excited smate, +146 keal/mol: IN, (3Z*,) mae
{(lowsst triplet) 95 kcal/mol above grouad stme.
Lischks, H.; Kurpfen, A. Chem. Phys. 1986, 102, T1.
6. Ci21CCH3 grownd stme, +95 keal/mol: AE(HCCH — CCHp) = 44
kcal/mol, plus HCCI. grouad stme sasrgy.
Zrvia, K. M.; Ho, 1.; Lineberger, W. . J. Chem. Phys. 1989, 91,
3974; Chen, Y.; Jonas. P. M.; Kinsey, J. L.; Fleld, R. W. J. Chem.
Phys. 1989, 91, 3976,
7. Cl»3{CCH2]* excited stme, +143 kealimol: AE(S0-T;) = 48
kcal/mol, plus Cl2¢!CCH2 eaerpy.
Brvin, K. M.; Ho, J.; Lissberger, W. C. J. Chem. Phys. 1989,91,
3974,

C. HpC2Cl2.

1. Growad siste, +39 kcal/mol: from staadard bond emergies.
Canland. H. E.; Pimentel, G. C. J. Phys. Chem. 1986, 90, 5485,
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2. H2+![C2Cl12]* excited state, +154 kcal/mol: by analogy with
C2HC), 115 kecal/mol above ground state.
Evaas, K.; Scheps, R. S.; Rice, S. A.; Heller, D. J. Chem. Soc.
Faraday Trans. Il 1973, 69, 356.

Free Radical Products and Imtermediates.

A. H+ C2ClI2H ground stme, +107 kcal/mol: by analogy with H
dissocistion from viayl chloride.
Castland, H. E.; Pimentel, G. C. /. Phys. Chem., in press, 1989,

B. Cl+CaH2CL
1. Grouad state, +82 kcal/mol: from standard bond energies.
Cartland, H. E.; Pimeniel, G. C. J. Phys. Chem. 1986, 90, 5485.
2. Cl + CaHC1* excited state, +128 kcal/mol: by analogy with C2H3
A stae, 46 kcal/mol above ground state.
Wodtks, A. M.; Hintsa, E. J.; Somorjsi, J.; Lee, Y. T. submitted to0
Isr. J. Chem., February 1989,

C. Q1+ Cl + CHa grownd stme, +109 kcal/mol: Do(Cl3) = 57 kcal/mol,

plus ground siste emergy of Cl2°C2H3 (less imteractioa energy).
Pimemel, G. C.: Spratley. R. D. Understanding Chemistry;
Holdea-Day: Oekland, 1971; p. 504,

D. Cl+ H + C3HC! ground stae, +128 kcal/mol: Do(HCI) = 103 kcal/mol,

plus grouad stme saergy of HCI-CaHCi (less interaction eaergy).
Pimemel, G. C.; Spratley, R. D. Understanding Chemistry;
Holdea-Day: Oskland, 1971; p. 902.

E. Cl+ HQl + CoH ground state, +135 kcal/mol:
1. Dg(HCC-H) = 127 kcal/mol = AH(C2H2 = C2H + H)
Segall, J.; Lavi, R.: Wea, Y.; Winig, C. J. Phys. Chem. 1989, 93,
7287; Geosn, P. G.; Kinsey, J. L.; Field, R. W. J. Chem. Phys. 1989,
91, 5160.
2. AHH{CyH) = AH(C2H2) + Do(HCC-H) - AH(H)
= 54 + 127 - 52 = 129 kcal/mol.
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Iv.

3. AH(CH2C12 - CH+HQA + Q)
= AH(C2H) + AH{HQY) + AH{ACI) - AH{C2H,2Cla)
= 129 + (-22) + 29 - 1 = 135 kcal/mol.
Pimeawel, G. C.; Spratley, R. D. Understanding Chemistry;
Holden-Day: Oakland, 1971; pp. $91-900.

Xenon-Complexed Products and [atermediates.

A. XoQl + C2H2CL
1. Cround mate, +8] kcal/mol: Xe-Cl interaction energy, 0.8
keal/mol below fres C1 + C2H2C1 (+ Xa).
Becker, C. H.: Valeatind, J. J.; Casavecchis, P.; Sibener, S. J.; Lce.
Y. T. Chem. Phys. Lett. 1979, 61, 1.
2. (Xs*Cl1°)* + C2H2Cl excited stme, +172 keal/mol: 23.54 ¢V = 91
kcal/mol above growand state in solid Xe.
Last, L; Geocge, T. E. J. Chem. Phys. 1987, 86, 3787,

B. (Xe2*C17)* + C2H2Cl excited stae, +159 keal/mol: 3.35 ¢V = 77
keal/mol above grouad sate ia solid Xe.
ngldo. M. E.; Apkariss, V. A. J. Chem. Phys. 1986, 85, 5680,

C. (Xep2*ClI")* + C2H2Cl excited state, +172 kcalimol: 3.89 eV = 90
kcal/mol above ground siaste im solid Xe. .
Last, L; Goorge, T. F. J. Chem. Phys. 1987, 86, 3737.
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APPENDIX B:
Thermochemistry of Selected Proton Tramsfer Reactions

I. HF + HCN — HFH* + CN-

HF + H* -» HFH* AHy = -117 keal/moll
HCN - H*+CON 4H, = 351 keal/mol?
AHp= AHp + AH,

=117 + 351

u 234 keal/mol

II. HCl1 + HCCQAl - HOH* + CCCr°

HCl + H* - HCIR* AHp = -135 keal/moll
HOCQ - H*+CCQ"  4H, < 367 kealmol (by amalogy with HCCF)?
AHp = AHp + AH,
| < -135 + 367
< 232 keal/mol

ILias, 8. G.; Licbman, J. F.; Levia, R. D. J. Phys. Chem. Ref. Data 1984, 13, 695.

2Lias, S. G.; Bactmess, J. E.; Lisbman, J. F; Holmes, J. L.; Levia, R. D.; Mallard,
W. G. J. Phys. Chem. Ref. Dass 1988, 17, supplement 1.
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