
Adsorption and photochemistry of ethene on NaCl crystallites 
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IR spectra, thermodynamics and photochemistry of ethene, C2H4, physisorbed onto NaCl(100) cuboids of a sublimed poly- 
crystalline film have been examined. The heat of adsorption of ethene onto the NaCl film ranges - 10 3 < AadsH < - 17 & 3 kJ 
mol-' over a coverage range of 0.5 < 0 < 1.0. The vibrational spectrum of the adsorbed ethene resembles that of condensed 
phase and matrix isolated ethene where intensities and frequencies are only slightly modified from the gas phase. The ethene, 
adsorbed at less than a full monolayer on the crystallites, is then subjected to 184.9 nm light whereupon it photodissociates 
almost exclusively into acetylene and H, . Further, it is not the ethene molecules, but the NaCl substrate which appears to be the 
main antenna of photon capture. We present evidence that suggests that the excitation is stored as self-trapped excitons (STEs) in 
the NaCl. This energy is then passed to the adsorbed ethene via triplet-triplet energy transfer. It is proposed that the acetylene is 
produced either through a triplet ethylidene or vinylidene intermediate. 

Professor Norman Sheppard, FRS, has made many original 
contributions to spectroscopy at interfaces. He was among the 
first to use alkali halide crystallite surfaces for the IR study of 
adlayers of hydrogen halides. '-' The technique of preparing 
crystallites of alkali halides, whose surfaces are the platforms 
for adsorbed molecules, and monitoring their physical and 
chemical processes by infrared spectroscopy was developed by 
Kozirovski and F01man.~ Following the inspiration of these 
pioneering studies, we offer our photochemical investigation 
of C2H4 on NaCl crystallites. 

De Boers first characterized the absorption of light by mol- 
ecules adsorbed to alkali halides. Further, he discussed the 
photolytic behaviour of some of these salts. Since that time 
numerous  investigator^^-^ have studied the effects that defect 
sites, including colour centres, have on adsorbed or matrix 
isolated molecules with the alkali halides. The main focus of 
the present work is the flow of energy following optical excita- 
tion. Interest in energy flow has been heightened by experi- 
ments showing that light-induced self trapped excitons (STEs) 
in the NaC1( 100) substrate transfer their energy to adsorbed 
acetylene (C,H,) molecules, thus initiating photochemis- 
try."*" Here work on the NaCl(100) surface is continued by 
exploring the photochemistry of ethene (C,H,) physisorbed 
onto a polycrystalline film of NaCl formed by sublimation. 

Background 

Ethene: electronic states and photochemistry 

The electronic spectra,12-' excited states' ,-18 and photo- 
of ethene have been studied extensively. The 

planar ethene molecule (D2J in its ground state, N, has the 
term symbol 'Ag, while the first optically accessible (electric 
dipole allowed) singlet excited state, V, is labeled 'B1,. In the 
V state the molecule is twisted, with a 90" dihedral angle 
between methylene groups. The V-N transition appears in the 
gas-phase as a diffuse absorption around 215 nm. The optical 
cross-section of this n*-n transition increases rapidly with 
decreasing wavelength to a maximum at 162 nm. The triplet 
component of the n*-n transition, the lower lying T(,B1,) 
state, is shown in comparison to the N and V states in Fig. 1. 
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The primary photodissociation channels of gas-phase 
ethene (between 123.6 and 193 nm) occur via molecular H, 
elimination 

C,H,* -+ HC=CH + H, (14  

+ H,C=C: + H, (W 
and H-atom elimination 

C,H,* -+ H,C=CH' + H' (24  

-+ HC=CH + 2H' (2b) 
where C,H8 represents photoexcited ethene.19-28 It has been 
shown,,* however, that as the energy of the exciting photon is 
increased, atomic detachment (2) is slightly enhanced. In any 
event the ratio of reactions (1) : (2) is roughly 1 : 1 at all wave- 
lengths., s 

In molecular elimination (1) the branching ratio of acetylene 
to vinylidene (la : l b )  is 2 : 3.,' With the use of isotopes it has 
been s h ~ w n ~ ~ , ~ '  that photoexcited ethene, C,H,*, can freely 
rotate about the C-C bond and that either 1,l or 1,2-H, 
elimination is possible. It has also been conjectured" that the 
acetylene pathway (la) may proceed uia an ethylidene, 
H,C-CH, intermediate. 

The mechanism for H-atom elimination is better under- 
After photoexcitation, C,H,* internally converts to 

vibrationally excited states in the ground electronic level and 
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Fig. 1 An energy level diagram of the NaCl the STE 
[Cl, - e-] and ethene.15 Radiative and non-radiative transitions are 
shown with large and small arrows, respectively. The high energy- 
edge of each STE luminescence band has been used as a lower limit 
for the energy levels shown."," Vertical transition energies have been 
used for the ethene T and V states.I5 
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subsequently undergoes elementary bond rupture. Vinyl 
radical is produced [reaction (2a)], some of which has sufi- 
cient internal energy to decompose into acetylene and another 
H atom. Minor products which have been observed in gas- 
phase photolysis following 184.9 nm e ~ c i t a t i o n ~ " ~  1,23 are 
but-1-ene, n-butane and ethane, which originate via the atomic 
hydrogen detachment pathway (2). 

In the liquid phase (using 184.9 nm photons) it has been 
shown that the atomic elimination pathway is quenched: the 
ratio of the H atom, route (2), to H, molecular elimination, 
reaction (l), is 0.03 to l.30 Further, in all condensed phase 
( ~ o l i d ~ ~ , ~ '  or liquid3') photolysis experiments (123.6-184.9 
nm), the ratio of product acetylene to product H, has been 
found to be ca. 1 : 1; i.e. in the condensed phase photolysis, 
reaction (2), is not important. When solid ethene is photolysed 
at 184.9 nm,29930 besides the main products of acetylene and 
H, , minor species formed are but-1-ene, n-butane, methyl 
cyclopropane, cyclobutane and buta-1,3-diene. These trace 
constituents are a consequence of secondary reactions involv- 
ing radical products of reactions (1) and (2). 

Photochemistry on the NaCl(100) surface 

The photochemistry of adsorbed molecules can be modified 
by static or dynamic effects. Shifts in electronic or vibrational 
levels, examples of a static effect, reflect perturbations of the 
molecular structure by the alkali halide substrate. The alter- 
ation of relaxation pathways of the excited molecule is a 
dynamic effect. 

Perturbation of the ground electronic state of a physisorbed 
molecule is usually weak, as evinced by the relatively small 
vibrational frequency shifts. Pure vibrational transitions of 
adsorbates on NaCl occur within 1% of their gas-phase ener- 
gies. On the other hand, the electronic properties responsible 
for adsorption can be quite different in excited electronic 
states. Thus the energetics of excited-state adsorption can 
modify the optical transitions among these states. Large 
'solvent shifts', the inhomogeneous loss of vibronic structure, 
and enhanced optical cross-sections have been observed in the 
spectra of ketene and acetylene on NaC1.34,35 An extreme 
example of static influence involves a spontaneous chemical 
reaction between the ground states of an adsorbate and a 
lattice defect. Smart and Jennings6 first pointed out that the 
absorbance due to colour centres in polycrystalline films of 
NaCl and NaF was bleached by the adsorption of NO mol- 
ecules onto the surface. They found IR spectral evidence of 
NO- and NO' species, the result of reaction with F and V 
colour centres at the surface. Zecchina and Scarano7 saw 
similar behaviour when CO was adsorbed to a film of KCl 
where they found CO- and CO'. Michl and co-workers' 
have described a number of photochemical experiments of 
organic molecules co-deposited in films of alkali halides. The 
photochemistry of these matrix-isolated species are directly 
affected by colour centres and defects. The novel chemistry 
occurs by direct optical excitation of the newly mixed elec- 
tronic resonances. 

Colour centres can also influence photochemical reactions 
dynamically, by acting as source or sink of excitation energy 
for independent adsorbates. Leggett et a1.' have suggested that 
defects in bulk LiF can transfer enough energy from an 
optical pump to dissociate adsorbed OCS. Dunn and 
Ewingl'T1 have documented the influence of self-trapped 
excitons in NaCl (STEs) on the photochemistry of adsorbed 
acetylene. Fig. 1 is an energy level diagram that locates the 
STEs among other relevant states. Upon excitation at 184.9 
nm a bound electron-hole pair, or exciton, is created. An 
exciton, which is initially associated with a single halide ion 
(Cl-), is free to travel throughout the crystal. Coupling 
between a free exciton and lattice modes results in the forma- 
tion of a covalently bonded C1, - and a nearby electron, indi- 
cated by [Cl,- e-1, called a self trapped exciton (STE). 

Recombination of the electron and C1, - of the STE results in 
the intrinsic luminescence observed in alkali This 
emission consists of two bands; one from a high energy, short- 
lived state (ca. s) and the other from a low energy, long- 
lived state (> s). The corresponding electronic states are 
essentially a singlet and a triplet.38 These states resemble 
those of a diatomic rare gas molecule, and can be labelled 
'Xu +, 'Xu ' as indicated in Fig. 1. 

In alkali halides at low temperature, STEs will always play 
a role in the dissipation of sufficiently energetic optical excita- 
t i o n ~ . ~ ~ , ~ ~  These states can migrate and transfer energy over 
distances as large as the dimensions of the NaCl particles in 
our  film^.^^-^' Also, STEs unique to the surface can exist at 
slightly lower energies than in the Trapping at the 
surface is caused by either intrinsic capture ~ i t e ~ ~ ~ , ~ ~  or by 
extrinsic where these extrinsic sites might be adsorbed 
molecules. Thus, electronic excitation of a polycrystalline 
NaCl film is a store of potential chemical energy, energy 
which can likely be transferred to the molecules adsorbed on 
its surface. 

In a series of experiments1'*" it was established that triplet 
STEs (3Xu+)  are formed at the NaCl surface and that their 
energy was transferred to adsorbed acetylene molecules cre- 
ating the excited state C,H,(3Z,, '). Luminescence from the 
triplet STE state was effectively quenched when acetylene was 
adsorbed onto the NaCl substrate. A surface diffusion-limited 
hydrogen-exchange reaction then proceeded uia this excited 
acetylene triplet state.35 A diffusion limited reaction implies a 
long excited state acetylene lifetime (3 1 ps) as expected for a 
triplet state. Hence, for acetylene its photochemical dynamics 
are strongly influenced by the NaCl substrate while, as 
already mentioned, its static behaviour (the actual shape of 
the excited state potential surface accessible by 184.9 nm 
photons) seems little affected. 

These photochemical studies are now expanded to ethene 
on the NaCl(100) surface. Referring to Fig. 1 it can be seen 
that there is also a close match in energy between the NaCl 
STE(3Xu') and the first ethene triplet state T(3B,u). Triplet- 
triplet energy transfer has been studied rather extensivelys0 in 
frozen matrices5 and in gas-phase etheneS2 and dideuterio- 
ethene.53y54 A goal of this work will be to explore whether the 
NaCl surface also plays an active role in ethene photochemis- 
try. 

Experimental 
NaCl films 

Films consisting of aggregated cubic crystallites (ca. 100 nm 
on edge) with (100) faces e x p o ~ e d ~ ~ , ~ ~  were prepared in an 
apparatus that we have previously d e ~ c r i b e d . ~ ~ ~ ~ ~  The cell was 
fitted with barium fluoride windows, that are transparent 
through the mid-IR and into the UV. Gas pressure in the cell 
was monitored by an MKS Baratron capacitance manometer, 
which was accurate to within 5% (+O.OOl mbar at low 
pressures). The temperature of the cell could be varied from 20 
to 300 K. This was measured with a thermocouple, that in 
turn was calibrated against the vapour pressure of neat liquid 
ethene and N, . 

Adsorption isotherms on the film were obtained by an 
aliquot method. Ethene gas (Air Products c.p. grade 99.8% 
pure) and CO (Matheson Gas) were used without further puri- 
fication. A sample of gas was expanded into a vacuum mani- 
fold, whose volume was known, and the pressure recorded. 
Thus, a known amount of gas molecules were in the vacuum 
manifold. The sample cell was then exposed to the manifold 
and allowed to equilibrate. The number of molecules adsorbed 
on the surface could be calculated from the number of gas 
molecules remaining. Consecutive doses allowed for a plot of 
the number of molecules adsorbed us. the equilibrium vapour 
pressure. 
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Spectroscopy 

IR spectra were recorded with a Fourier-transform IR spec- 
trophotometer (Mattson Nova Cygni 120), at a nominal 
resolution of 2 cm-'. A room-temperature TGS detector 
covered the range from 4000 to 700 cm-'. Each single-beam 
spectrum contained 500 coherently averaged scans. Absorb- 
ance, A = log(Io/I), was computed as a function of wavenum- 
ber, v"/cm- I, with an appropriate background spectrum. _The 
integrated area under spectroscopic bands is defined as A = 

A UV-VIS spectrophotometer (Cary 14R) was used to 
record the electronic spectra between 400 nm and the small 
wavelength cut-off of the instrument, at 190 nm. To obtain 
absorbance measurements at 184.9 nm, a 4.6 W low-pressure 
mercury discharge lamp [Oriel Hg(A) model 60351 was used 
as the source. Radiation from these lamps is primarily 
through two mercury resonance lines at 184.9 and 253.7 nm.34 
To select only 184.9 nm photons a narrow band interference 
filter (peak 185 nm, FWHM 27 nm, Acton Research 
Corporation) was placed in front of the lamp. The light was 
further filtered by a monochromator (Bausch & Lomb model 
33-86-02, grating of 1350 grooves mm-I); 184.9 nm photons 
were selectively passed using the grating in third order at 555 
nm. After passing through the sample cell, light was collected 
by a photomultiplier tube (PMT, Burleigh IP28). The lamp, 
monochromator, sample cell and PMT were purged with dry 
N, gas. 

Sband log(~,/Wv"* 

Adsorbed ethene photolysis 

The optical set-up for photochemistry of an adlayer has been 
described in Photolysis of an ethene adlayer was exe- 
cuted with the Hg(A) discharge lamp. The lamp, used without 
filtering, was placed just above the IR optical path. The 
sample cell was alternately raised to the lamp for UV irradia- 
tion and lowered back into the IR beam for subsequent vibra- 
tional spectral analysis. Nine photolysis periods of ca. 15 min 
duration were applied. 

After completion of the photolysis, the film was slowly 
warmed to 80 K with spectra taken at each 10 K increment. 
During this warming period the cell was opened to the 
vacuum manifold and the vapour pressure over the film was 
measured. 

Results 
Isotherms/characterization of NaCl films 

A large number of NaCl films have been prepared in our 
laboratory and their properties can be closely con- 
trolled.44$45*55 The results from four different films are 
discussed: film 1 (weighing 57.4 mg) was used for character- 
ization of the ethene isotherms and their IR spectroscopy, 
films 2 (36 mg) and 3 (49 mg) for UV-absorption spectroscopy 
and film 4 (20.5 mg) for the photochemical experiment. 

Fig. 2 displays the isotherms of ethene on film 1 at 110 K 
and 119 K. Shown also is an isotherm of CO at 83 K on the 
same film. The number of molecules adsorbed is plotted us. 
the equilibrium pressure. The smooth curves shown for the 
ethene isotherms are fits of the experimental data to the BET 
(Brunauer-Emmett-Teller56) isotherm model, while the CO 
data was fitted to the L a n g m ~ i r ~ ~ , ~ '  model. These models are 
discussed in detail below. For the CO isotherm, since no more 
CO molecules adsorb to the film beyond a pressure of 2 mbar, 
we conclude that the available adsorption sites are saturated. 
The relative coverage is designated by 0 = N/N,, where N is 
the number of molecules adsorbed and N ,  is the number of 
molecules in a saturated monolayer. Thus at 2 mbar and 
beyond, the CO isotherm has reached 0 = 1. In contrast, 
however, the adsorption of ethene molecules continues with 
increases in equilibrium pressure (i.e. coverage continues past 

0 

V 

0 

0 

pressure / mbar 

Fig. 2 Isotherms of CO (0) adsorbed at 83 K to a film (film 1) of 
NaCl crystallites and ethene adsorbed at 119 (0) and 110 K (V) 

0 = 1). In particular at 110 K, ethene adsorbs until the satu- 
rated vapour pressure is reached at ca. 4 mbar.57 Here the 
isotherm makes a vertical rise corresponding to the onset of 
condensation. For both ethene and CO, adsorption is a 
reversible process ; reduction of the equilibrium pressure 
lowers the number of molecules adsorbed to the film. This 
reversibility is reflected by changes in the integrated absorb- 
ance, & of spectroscopic features in the IR spectra. 

IR spectroscopy 

Fig. 3 is a mid-IR survey spectrum of ethene at 110 K on film 
1. The coverage in this spectrum is 0 = 0.55 ( N  = 6.1 x 10'' 
molecules, with 2.0 f 0.4 x 10I8 of these molecules actually 
adsorbed on the portion of the film that has been deposited 
on the windows of the sample cell). There are nine sharp fea- 
tures whose frequencies are listed in Table 1, as well as two 
weak diffuse bands at 1909 and 2048 cm-'. The absorbance of 
all eleven features is reversible with changes in pressure and 
the band positions shift little with coverage. The sublimed 
NaCl film acts as an etalon giving the rolling background in 
Fig. 3. 

At low (0 < 0.2) and multilayer coverages (0 > l.O), 
however, the profiles of some bands reflect differences in the 
morphology of the NaCl film and the ethene adlayer. Fig. 4 
shows spectra of the ethene absorbance centred between 1000 
and 900 cm-' to illustrate these changes. At low coverage, 
0 = 0.01, there is only one peak present, at 987 cm-', with a 
broad trailing absorbance extending to 960 cm-'. At a slight- 
ly higher coverage, @ = 0.03, there are three distinct features; 

1.0 , 

3200 2800 2400 2000 1600 1200 800 
wavenumber / cm-I 

Fig. 3 A mid-IR survey spectrum of ethene adsorbed to a film (film 
1) of NaCl crystallites at 119 K and a coverage of 0 = 0.55 
(6.1 x 10'' molecules with 2.0 f 0.4 x 10" on the windows) 
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Table 1 Vibrational spectroscopy of ethene with peak positions in 
wavenumbers, f/m- 

NaC1( 100) 
mode gas' solidb*c matrixd single crystal" filme 

3026 3000.5 
2997.0 

1623 1615.5 
1602 

1342 1348.0 
1331.2 

1023 1041.9 
1036.0 

2989 2972.9 
2965.7 

1444 1440.2 
1436.0 
1434.0 

943 949.6 
941.4 

3106 3092.2 
3088.0 

826 825.8 
822.5 
819.5 

3103 3067.3 
3061.0 

1236 1226.7f 
1222.4 

949 953.0 
948.9 
941.1 
937.0 

301 5 

1623 

1334 

1028 

2984 
2975 
1438.5 

- 

3098 
3090 
824 
820 

- 

1227 

951 

- 3001 

1618 

- 1340 

- 

- - 

298 1 2976 

1441 1439 

- - 

3097.4 3092 

822 - 

- 3068 

968.2 965 

Ref. 64. Ref. 65. Ref. 66. Ref. 67. Ref. 61. Ref. 82. This 
work. 

the peak at 987 cm-', and weaker bands at 977 and 968 
cm-'. By a coverage of 0 = 0.15, the bands at 987 and 977 
cm-' appear only as shoulders to the main absorbance at 
968 cm-'. Moreover a feature at 951 cm-' is beginning to 
develop. The feature at 968 cm- then dominates throughout 
the range 0.2 < 0 < 0.9, shifting slightly to 965 cm-I with the 
951 cm-' feature appearing as strong shoulder on the 
0 = 0.89 spectrum. Finally, the feature at 951 cm-' domi- 
nates when 0 = 1.2. 

UV absorption spectroscopy 

The UV absorbance spectrum of 100 mbar of gas-phase 
ethene in the sample cell (pathlength 3.85 cm) was collected 
with the UV spectrophotometer, and the absorbance at 184.9 
nm was recorded at with the Hg(A) lamp and PMT appar- 
atus. The gas-phase absorbance spectrum showed one diffuse 
contour originating at ca. 200 nm that rose sharply to the 
small wavelength cut-off at 190 nm. The absorbance measured 
for 100 mbar of gas at 184.9 with the Hg(A) lamp and PMT 
was 0.66. After deposition of film 2, an absorbance was 
observed beginning near 230 nm and rising steadily to 190 
nm. This steep absorption profile is due to the film scattering 
and absorbing light. Spectra of ethene adsorbed onto film 2 
between 20 and 119 K at a coverage of 0 = 0.22 
( N  = 2.2 x 1019 molecules, with 7.0 f 1.7 x l O I 7  on the 
windows) showed the beginning of ethene absorption near 200 
nm with no other features at longer wavelengths. In order to 
measure the absorbance of the ethene adlayer and the NaCl 
substrate at 184.9 nm, the Hg(A) lamp and PMT were used 
again. After deposition of film 3 the measured absorbance 
at 184.9 nm of this bare film was 0.3 k 0.1, and for the 
ethene adlayer at 0 = 0.20 (1.2 x 1019 molecules with 
3.8 & 1.0 x 1017 on the windows), A = 0.089 0.031. 

Adsorbed ethene photolysis 

Film 4 was used for the photolysis experiment. After charac- 
terization with COY it was dosed with ethene at 105 K to a 

coverage of 0 = 0.23 ( N  = 9.7 x 10l8 molecules, with 
3.1 k 0.8 x 1017 on the sample cell windows). This film was 
then cooled to 20 K and the lower set of infrared spectra 
shown in Fig. 5 were taken. A series of nine photolysis periods 
followed by IR interrogation ensued. After the last photolysis 
period (195 min total of UV exposure) the upper set of infra- 
red spectra shown in Fig. 5 were taken. 

As can be seen in Fig. 5, depletion of the ethene peaks at 
965, 1340, 1439, 3068 and 3092 cm-' appears to be uniform. 
Product features, marked with an asterisk for clarity, are listed 
in Table 2. It is difficult to distinguish what happens to the 
ethene peaks at 3001 and 2976 cm-', because in the upper 
spectrum they appear to have roughly the same intensity as in 
the lower spectrum. However, in the upper spectrum the 
feature at 3001 cm-' is shifted to 3005 cm-' and the 2976 
cm- ' feature shows a bandwidth and profile change. Since all 
of the other ethene bands deplete rather uniformly, we assume 

2.0 

8 1-5 

g 
5 

2 
1.0 

0.5 

0.0 

8=0.15 

e = m  
I I I I I I I 

1040 1020 iooo 980 960 940 920 goo 880 
wavenumber / cm-I 

Fig. 4 IR spectra of the features centred at 968 cm-' of ethene 
adsorbed to a film of NaCl crystallites at 110 K and various cover- 
ages. The low-coverage spectra (@ = 0.01 and 0.03) are from film 4, 
while the rest are from film 1. 

0.30 1 * 

0.25 

8 o.20 
5 
s: 
a 0.10 

0.15 

n 

0-0° L I I I I I 1 I I I  

3300 3100 2900 1500 1300 1100 900 700 
wavenumber / cm-1 

Fig. 5 IR spectra of ethene adsorbed to a film (film 4) of NaCl crys- 
tallites at 20 K, coverage of 0 = 0.23 (9.7 x lo1* molecules with 
3.1 & 0.8 x lo1' on the sample cell windows), and its photolysis pro- 
ducts. The lower set of spectra is ethene only, before 184.9 nm irradia- 
tion, while the upper traces are after 195 min of irradiation. 
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Table 2 IR bands of the products observed in the photolysis of ethene on NaCl 

possible species 
observed peak 
position (cm- ') C2H2 (acetylene)" -CH, groupb -CH2 group* H2C=C: (,B2)" H,C-CH 

3240 
3170 
3005 

2976 

2950 

2875 

1380 

1302 

825 

752 

v, (smooth face)" 
v3 (defect site$ 

asym stretch 
(2962 cm-') 

sym stretch 
(2872 cm-') 

(1375 cm-') 
v4 + v5 sym bending 

v 5  + vt 

v5(b2) asym stretch 
(3000 cm-') 

asym stretch vl(al) sym stretch 
(2926 cm-l) (2930 cm- ') 

vj(al) CH, scissors 
(1375 cm-') 

~4(bi)  out-of-plane 
(775 cm-') 

-CH, , C-H stretch 

-CH, , C-H stretch 

-CH, , C-H stretch 

-CH, C-H stretch 

-CH, wag 

-CH, wag 

(3072 cm-') 

(2975 cm-') 

(2942 cm-') 

(2875 cm-') 

(1412, 1406, 1348 cm-') 

(1300 cm-') 

a Ref. 35. Ref. 83. Ref. 77. Ref. 71 and 84. The frequencies for 
values by 0.93. The authors suggest that the true fundamental vibrational frequencies are ca. 7-10% less than their given harmonic values. 

have been adjusted for anharmonicity by multiplying the authors' harmonic 

that the signals at 3005 and 2976 cm-' in the upper spectrum 
are due to photolysis products. The very weak ethene feature 
at 822 cm-' in the bottom spectrum is buried by a broad 
shoulder in the upper spectrum at 825 cm-', but again we 
assume the ethene peak at 822 cm-' depleted uniformly and 
that the 825 cm- ' signal is due to products. 

After the upper spectra in Fig. 5 were taken, and the pho- 
tolysis was essentially complete, the film was slowly warmed 
to 80 K. Spectra collected at each 10 K increment changed 
little during this warming but, at 40 K, gas started to appear 
in the manifold. Above 40 K H, desorbs from the NaCl 
surface." At 80 K the total amount of gas in the cell/manifold 
corresponded to 3.7 x 1017 molecules. This is within the error 
limit of the original 3.1 0.8 x 1017 ethene molecules 
adsorbed on the windows of film 4. 

Discussion 
Isotherms/characteriation of NaCl films 

The isotherms in Fig. 2 are analysed with two specific models 
for the adsorption of molecules to surfaces ; the L a n g m ~ i r ~ ~ ~ ~ '  
and the Brunauer-Emmett-Teller (BET).56 The Langmuir iso- 
therm describes adsorption to discrete, independent sites. It is 
expressed by the equation 

kP @ = -  
1 + k p  (3) 

where the extent of the coverage is represented by the param- 
eter, 0 = N / N , ,  p is the equilibrium vapour pressure of the 
adsorbing gas above the surface, and k is an effective equi- 
librium constant for the adsorption process. The Langmuir 
model has been shown accurate for CO on NaC1.44,45 A 
variety of experimental and theoretical studies show that CO 
adsorbs over the Naf ions on the NaCl surface with negligi- 
ble lateral interactions within the adlayer. Thus, the number 
of Na' (as well as C1-) surface sites is N ,  . For film 1, N ,  was 
determined to be 1.1 f 0.1 x 10,' from a fit of the CO data to 
the Langmuir curve shown in Fig. 2. 

For other molecules5 8-60 including C2H4,61 adsorbate- 
adsorbate interactions are significant and different models are 
required to describe their isotherms. A model which takes 
multilayer growth into account is the BET theory.56 Its iso- 
therm is represented by 

(4) 
cz 

@ =  
(1 - z)[l - (1 - c)z] 

where z = p / p o ,  with p o  the vapour pressure of the bulk 
adsorbate. The parameter c is a measure of the relative prob- 
ability of adsorption in the first and subsequent layers. It is 
defined by 

where Em is the site energy for molecules in the first layer 
(monolayer) and E,  is the site energy of molecules in sub- 
sequent layers (multilayers). 

The isotherms of ethene on film 1 at 110 and 119 K were 
fitted to the BET equation, yielding the curves shown in Fig. 
2. The values obtained for N ,  were 1.1 & 0.1 x 10,' at both 
110 and 119 K, identical to that determined from the CO iso- 
therm. Ethene, therefore, bonds in a one-to-one correspon- 
dence to Na+ (or Na+ C1- pairs) just like CO. Further, the 
ethene adlayer is clearly influenced by adsorbate-adsorbate 
interactions on the NaCl surface. In systems for which c > 50 
the initial layer is more or less complete before multilayer for- 
mation begins. The values for c obtained in this study were 
72 & 11 and 68 f 19 (at 119 and 110 K, respectively). This 
indicates that ethene should form a complete monolayer 
before multilayers appear. 

The heat of adsorption, AadsH, can be calculated by apply- 
ing the Clausius-Clayperon equation 

to the two ethene isotherms at various coverages. The heat of 
adsorption is - 10 & 3 < AadsH < - 17 f 3 kJ mol-' for 
0.5 < 0 < 1.0, which roughly matches a value we have pre- 
viously measured for ethene adsorbed onto a single crystal of 
NaC1.61 These values are also in the range generally observed 
for small molecules on NaCl  film^.^,,^^ 

Vibrational assignments: ethene 

Table 1 summarizes the positions of ethene features in the IR 
survey scan (Fig. 3), and assigned to fundamental transitions 
below. Also listed in Table 1 are assignments from the gas,64 
~ o l i d , ~ ~ , ~ ~  rare-gas matrix67 and on NaCl(100) single 
crystal.61 The molecular z axis is along the C=C double 
bond, while the x axis is perpendicular to the molecular 
plane.61 The symmetry labels in Table 1 are consistent with 
this coordinate system as are the notations used for the elec- 
tronic states. 
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We focus first on the six ethene ungerade modes v4, v5, v 6 ,  

v8, v9 and v12. The symmetry of the isolated ethene molecule 
is D2h and in the gas-phase all ungerade modes are predicted 
to be IR active. Referring to Table 1, assignment of five of 
these six fundamental modes to features in Fig. 3 is unam- 
biguous. Their frequencies are nearly identical to the corre- 
sponding solid and matrix forms. Further, upon condensation 
into the liquid, solid or matrix, or on adsorption to the NaCl 
surface, the vibrational frequency is shifted by only z1Y0 
from the gas. It is clear, therefore, that the weak feature at 822 
cm-' is vg, the strong band at 965 cm-' is v12 and the three 
relatively strong bands at 1439, 2976 and 3092 cm-', are vg, 
v5 and VS, respectively. Note that not only are the location of 
these bands similar to gas, solid and matrix values, their rela- 
tive intensities are nearly the same as well: i.e. the v9 oscillator 
strength (its integrated infrared cross-section) is z l op2  of v12 
while v6 ,  v5 and v8 are %lo- '  of v12. In the solid,65 the oscil- 
lator strength of v4 is z lo-, of v12, and thus it is no surprise 
that it is not seen on the NaCl film. 

Two combinations modes were also observed on the film, 
v l l  + v9 at 2048 cm-' and v12 + v7 at 1909 cm-' (both of 
which have ungerade symmetry) and their assignment based 
on comparison to gas and solid-phase values is unambiguous 
as well. 

We turn now to the fundamental gerade modes, vl, v 2 ,  v3, 
v7, vl0  and v l l ,  that in D2h symmetry are only Raman active. 
Strong electric fields near the ionic surface, by lowering the 
point-group symmetry, can induce IR activity in these modes 
as it does for H, on NaC1.55 For physisorbed ethene, assign- 
ment of the weak absorptions at 3001,1340 and at 1618 cm-', 
respectively, to vl, v3  and v2 seems reasonable. v l l  was not 
observed, but even in Raman spectra of the gas and solid 
phase66 it has inherently low intensity. v7, if present, is buried 
in the broad absorption of v12. It is unclear whether the signal 
at 3068 cm-' is v l0  or the v, + v6 combination mode. The 
latter is weak but clearly evident in the solid.66 Since vl, v2 
and v3 were observed, however, and they all have roughly the 
same absorbance in the gas and solid, it seems reasonable to 
believe that it is v l 0 .  

We focus specifically now on the out-of-plane bending 
mode vl,  which is shown at various coverages in Fig. 4. Char- 
acterization of our films in the past has led to the conclusion 
that, in general, as much as 20% of the film surface may be 
defect sites." At 0 < 0.2 an individual mode may show many 
distinct features associated with these defects. The v12 adsorp- 
tion can be used as a probe of surface site heterogeneity. The 
features at 987 and 977 cm-', which are most prominent at 
0 = 0.01 and 0.03, are associated with ethene molecules 
adsorbed to energetic defect sites (perhaps the edges of steps 
or terrace vacancies). By 0 = 0.15 these features become 
obscured as adsorption to the main smooth face sites, the 
feature at 965 cm-', takes over. This assignment is justified by 
the similar frequency of C2H4 on single-crystal NaC1( 
The shoulder at 951 cm-' which appears at 0 = 0.89 and 
continues to grow when 0 > 1 is naturally associated with the 
formation of bulk ethene. Since in the IR spectra of solid 
etheneg5 the main feature of the v12 band is found at 953 
cm-'. 

According to this analysis of the v12 mode, at the coverage 
of the photolysis experiment (0 = 0.23) the C2H4 molecules 
are principally adsorbed to smooth faces. Their adsorbed 
structure should closely resemble that of ethene adsorbed 
onto the single crystal NaCl(100) faces.61 

Vibrational assignments : photolysis products 

Table 2 summarizes the positions of all product features seen 
in the top spectrum of Fig. 5. Of these only three can be 
associated with acetylene. The strong bands at 3240 and 3170 
cm-" have previously been identified as due to its v3 stretch- 

ing mode.35 The strongest band, at 3240 cm-', arises from 
smooth faces of the NaCl crystallites, while the weaker band 
at 3170 cm-' arises from defective sites. The other strong 
absorption, at 752 cm-', is assigned to v5 based on compari- 
son to gas64 and solid68-70 acetylene spectra. The features at 
1380 and 825 cm-' are consistent with the combination 
bands v4 + v5 and v5 + v 6 ,  respectively; other candidates for 
their assignment are suggested in Table 2. 

Identification of the remaining features is difficult. Instead 
of assigning these features to specific modes of a particular 
molecule, comparison to functional group frequencies will be 
used to choose appropriate molecular species and eliminate 
others. Hence in Table 2, frequencies for various groups that 
may be found in the photolysis products are listed. Further, it 
will be seen below that the ethylidene and vinylidene interme- 
diates play key roles. A vast amount of t h e ~ r e t i c a l ~ ~ , ~ ' - ~ ~  and 
some e~pe r imen ta l~ ' -~~  work has been done on these species. 
These studies show that ethylidene and vinylidene are both 
stable intermediates, i.e. they can reside in potential energy 
minima and are not just saddle points in their respective 
potential energy surfaces. Calculated and observed vibrational 
frequencies are placed next to appropriate peaks observed in 
our experiment in Table 2. We see that many of the weak 
unassigned features at 3005, 2976, 2950, 2875 and 1302 cm-' 
may be associated with these intermediates. Ethene dimer 
(C4H8) and products from the reaction of C,H,* with C2H4 
are also candidates. The most likely choice would be but-l- 
ene. The strong in- and out-of-plane CH, wagging mode for 
but-1-ene is found in the gas phase at 912 cm-'. This mode 
would be expected near 900 cm-' on the NaCl surface; it is 
not present in the spectra of Fig. 5. Ethane (C2H6) and n- 
butane (C4Hio) would have the observed CH, and CH, 
stretching and bending modes listed in Table 2. However, 
their vinyl radical precursor is excluded on energetic grounds 
(below). The key spectroscopic feature of the vinyl radical 
itself (H,C=CH'), when trapped in an argon matrix,78 is the 
CH out-of-plane bending mode at 900 cm-' (analogous to the 
v12 mode at 949 cm-' in ethene; see Table 1). This vinyl 
radical mode, which is expected to have the greatest oscillator 
strength, is absent in the top spectra of Fig. 5. We suggest that 
these unassigned bands are due to ethylidene (H,C-CH) and 
vinylidene (H,C=CH :) species trapped by adsorption, and 
perhaps chemically stabilized. 

Ethene photometry 

For the analysis of the ethene photolysis it will be necessary to 
determine IR integrated optical cross-sections (6, cm 
molecule-') and a UV optical cross-section (a, cm2 
molecule - I). The integrated cross-sections will be used to 
quantify the depletion of ethene and the subsequent formation 
of product acetylene, while the UV cross-section will allow us 
to calculate a quantum yield, @ (molecular dissociation rate/ 
photon absorption rate). 

As Berg and Ewing the Beer-Lambert law for 
adsorbed molecules can be expressed as 

(7) 

where the parameter N 2 D  (molecules cm-')is the density of 
molecules projected onto a plane normal to the propagation 
of light and, as before, A is the absorbance. Thanks to our 
dosing procedure, the number of molecules adsorbed is 
known. Further, 3.2 f 0.8% of the adsorbed sample is on the 
windows which have an effective diameter of 1.1 cm giving a 
window area, A, = 0.95 cm2. Hence N,, can be determined, 
and a calculated via eqn. (7). To obtain the integrated cross- 
section, 5, eqn. (7) is integrated over the band profile. The 
integrated cross-section values for ethene are 6(v12) = 2.6 

1.2 x cm molecule-1. An inte- 
x lopi7,  b(v3) = 6.3 x b(v6) = 3.7 x 6(v5) = 

and 6 ( v &  = 2.7 x 
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grated cross-section for adsorbed acetylene comes from pre- 
vious work in our laboratory, where 4 v 3 )  = 2.4 x cm 
molecule - ' . 

The diffuse absorbance we observe in gas-phase ethene near 
200 nm is the onset of the V t N  transition. The adsorbed 
ethene adlayer also has a steeply rising absorbance beginning 
at 200 nm, which we assign it to the V t N transition as well. 
(In c r y ~ t a l l i n e ~ ~  and matrix-isolated" ethene, the frequency 
and cross-section of the V t N transition correspond closely 
to the gas.) 

To calculate the UV optical cross-section for adsorbed 
ethene at 184.9 nm we take our measured value of 
A = 0.089 f 0.031 together with N,D = 4.0 x l O I 7  molecules 
(for film 3) and obtain cadsorbedethene = 5.1 f 2.0 x cm2 
molecule- '. The gas-phase optical cross-section was deter- 
mined by substituting Nl for NZD in eqn. (7), where N is the 
density of gas molecules in a pathlength, I, to obtain 
crgasphase = 2.0 f 0.5 x cm2 molecule-'. Agreement 
with previously published cross-sections is Hence, 
the UV optical cross-section of ethene adsorbed to a film of 
NaCl crystallites is ca. 2.5 times larger than in the gas phase. 
Clearly, the NaCl substrate is influencing the electronically 
excited ethene. 

The absorbance due to the NaCl crystallites, which was 
measured to be 0.3 & 0.1 at 184.9 nm, must now be addressed. 
Some of the light is lost due to scattering since the dimensions 
of the crystallites (ca. 100 nm) is comparable to the wave- 
length of the photolysing light. The small decrease in wave- 
length from 230 to 184.9 nm cannot account for the striking 
increase that was observed. The measured absorbance of 
0.3 f 0.1 must primarily be due to absorption and not light 
scattering. Since high-purity crystalline NaCl is transparent at 
184.9 nm8' it is likely that the many defects in polycrystalline 
films include colour centres. Thus, they are a sink for a signifi- 
cant amount of electronic energy. 

Photolysis of adsorbed ethene: stoichiometry 

The integrated IR cross-sections (a, cm molecule-') will now 
be used to quantify the photochemical reaction data. If eqn. 
(7) is integrated over wavenumbers and the window area, a,, 
is used, the following expression for the number of molecules 
adsorbed on the windows, M ,  results : 

M = NzDa, = 2.303J/O (8) 
The empirical integrated cross-sections were given earlier. 
Now eqn. (8) gives the number of ethene molecules as a func- 
tion of time, as shown in Fig. 6. Shown also is the acetylene 
product formation as a function of time. After the six photoly- 
sis periods (1 11 min of ultraviolet exposure) the mercury lamp 
was moved from one side of the film cell (entrance window) to 
the other side of the film cell (exit window). Three more pho- 
tolysis periods followed, and it is clear that ethene photo- 
depletion and acetylene production continues. 

Photolysis of adsorbed ethene: quantum yield 

We now calculate the quantum yield of photodissociation, 
defined as: Q, = molecular dissociation rate (r)/photon absorp- 
tion rate (P). Since the ethene is effectively transparent to 
253.7 nm light, we will assume that all photolysis is a result of 
the 184.9 nm contribution from the mercury lamp. 

The first step will be to obtain r,  the initial molecular disso- 
ciation rate. With the amount of ethene consumed in the first 
15 min (900 s) of Fig. 6, we find r = 6.7 x l O I 3  molecules s-'. 
To get the photon absorption rate, P, we first use 

I = I, exp - (N2Do). (9) 
The light intensity incident on the adsorbed sample has been 
determined for our photolysis ~ e t - u p : ~ ~  I ,  = 1.5 x 

0 20 40 60 80 100 120 140 160 180 200 
time / min 

Fig. 6 Photometric survey of ethene photodepletion and product 
acetylene accumulation on a film (am 4) of NaCl crystallites at 20 K. 
Ethene bands shown are v8 (O), v6 (O), vl2 (A) while the one acety- 
lene band shown is v g  (a). The dashed line at 110 min shows where 
the Hg(A) photolysis lamp was moved from the window on one side 
of the a m  cell apparatus to the window on the opposite side. The 
lines through the data points are drawn only as an aid to the eye. 

photons s-l .  Insertion of N2D = 2.9 x loi7 molecules cm-, 
and dadsorbedethene = 5.1 f 2.0 x 1 0 - l ~  cm2 molecule-' into 
eqn. (9) yields I = 1.3 f 0.1 x lOI4  photons s-', and P = I ,  
- I = 2.0 f 1.0 x l O I 3  photons s-'. The quantum yield at 
184.9 nm is d'j = r/P = 4 & 2 molecules photon-'. Thus for 
every photon adsorbed by an ethene molecule it would appear 
that 2-6 are being photolysed. 

Photolysis of adsorbed ethene: mechanism 

The goal now is to outline a reasonable mechanism for the 
photochemistry of ethene on the NaCl substrate. The signifi- 
cant experimental results that need to be addressed are the 
apparent quantum yield of Q, = 4 f 2 and the almost exclu- 
sive production of C,H, and H, in a 1 : 1 ratio. 

the hydrogen atom 
elimination channel (reaction 2) is quenched, the analysis will 
begin by assuming that ethene on NaCl is photodissociating 
through H, elimination only. The observed C,H, : H, ratio of 
1 : 1 supports the molecular H, elimination mechanism, eqn. 

One way to account for Q, = 4 f 2 is to assume that the 
NaCl substrate is passing energy to the adsorbed ethene mol- 
ecules. As suggested in the introduction, triplet-triplet energy 
transfer is a strong possibility. Since the NaCl substrate is in 
fact adsorbing photons, STEs are likely transferring energy to 
adsorbed ethene, creating the T(3B1,) state. 

In Fig. 7 an energy level diagram is displayed for the impor- 
tant photochemical species and intermediates in the reaction 
C,H, + C,H, + H, . On the lhs ethene is shown in its singlet 
excited state as a result of the direct absorption of 184.9 nm 
(54045 cm-') light, while excitation to the ethene triplet state 
T(3B,,) from the NaCl substrate is shown below. Products 
accessible from the ethene triplet state include both the ethyl- 
idene 3A" triplet state and the vinylidene 3B, and 3A, triplet 
states. The vinyl radical, however, can only be produced from 
the ethene singlet state. Direct hydrogen atom elimination 
requires more energy than is available from the ethene triplet. 
This diagram also reveals that it is impossible for absorption 
of 184.9 nm light by ethene to give a quantum yield of disso- 
ciation >2. One photon at 184.9 nm has only enough energy 
to destroy one ethene molecule through the vinyl radical path, 
and most to only deplete two ethene molecules through ethyl- 
idene or vinylidene. 

Since in all condensed-phase 

(1). 
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70 - 
60 - 

r 50- 

0 40-  2 
5 

i? 30- 
. 
E 

20 - 
10 - 

H,C=C: ('A,) + 2H 

H,CCH ('A") - H,C=C: ('A,) 

H,C=C ('6,) 
HCCH('Z'J + H, 

Fig. 7 Energy level diagram of ethene in either the V or T excited 
state, and the possible pathways for its decomposition. The V state is 
shown at 54045 cm-' (i.e. direct absorption of a 184.9 nm photon) 
instead of at its vertical transition energy as in Fig. 1. Energies of the 
vinyl radical (H,C=CH' = H) and the H-atom elimination states 
(H,C=C: + 2H and HC=CH + 2H) come from ref. 85 and 86. The 
triplet ethylidene state, H,C-CH (,A), and the triplet vinylidene 
states, H,C=C: (,B2 and ,A2) are found in ref. 84 and 73, 77 respec- 
tively. 

An estimate for the amount of energy transfer from the 
NaCl substrate to the ethene molecules can be made. Film 3 
(used for UV absorbance measurements) and film 4 (used for 
photolysis) were similar, i.e. roughly the same amount of salt 
was deposited and N,=6 x lo1' sites for both. For film 3 an 
absorbance of 0.3 0.1 at 184.9 nm was measured for the 
bare NaCl substrate. If it is assumed that film 4 (used for the 
photolysis experiment) absorbs roughly same amount 
of light then, using arguments for the quantum efficiency 
outlined above, I = 7.7 f. 1.8 x 1013 photons s-l  and 
P = 7.3 f 1.8 x 1013 photons s-l.  Since only 
P = 2.0 k 1.0 x l O I 3  photons s - l  are adsorbed by ethene 
molecules, the NaCl substrate is absorbing 2-10 times more 
184.9 nm photons. The quantum efficiency based only on 
molecular ethene absorbance is Q, = 4 f 2, but if we include 
contribution from the substrate, then Q, < 1. Clearly the NaCl 
substrate is also an antenna of photon capture and its contri- 
bution to ethene photochemistry is significant. 

Finally, we comment on the effects of the known structure 
of the ethene monolayer on the NaCl surface61 which may be 
relevant to its photochemistry. As described elsewhere,61 
monolayer ethene on NaCl at 70 K has two molecules per 
unit cell in a roughly T-orientation with the molecular plane 
canted by ca. 25" from the surface. In this geometry we believe 
that both the ethylidene and vinylidene transition state struc- 
tures are compatible. Of course, the photochemical experi- 
ment discussed here was executed at submonolayer coverages 
on vapour-deposited NaCl crystallites, while the monolayer 
determination was made on a homogeneous single crystal of 
NaCl. Comparison, however, should provide a useful first esti- 
mate of which excited path is feasible. The single crystal is 
essentially free of defect sites (i.e. colour centres) and the 
photochemistry should be affected. 

Conclusion 
As in our previous photochemical studies on the surface of 
NaCl crystallites,lOvll we offer evidence that it is the substrate 
that is the principle antenna for photon capture and sub- 
sequent photochemistry. Energy stored in NaCl as triplet self 
trapped excitons (STEs) is transferred to the near resonant 
triplet of adsorbed ethene molecules. Triplet state ethene then 
transforms into ethylidene or vinylidene triplet intermediates 
than then eliminate H, molecules to produce acetylene. It 

appears that STEs in general may play an important role in 
alkali halide surface photochemistry. 

The financial support of the National Science Foundation 
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