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Infrared multiphoton induced isomerization of cis-3,4-
dichlorocyclobutene. I. Experimental results 

Nathan Presser, Chung-Rei Mao,a) Robert M. Moriarty, and Robert J. Gordon 

Department of Chemistry, University of Illinois at Chicago, Chicago, Illinois 60680 
(Received 7 June 1982; accepted 19 July 1982) 

The yield and product distribution in the laser-induced isomerization of cis-3,4-dichlorocyclobutene (DCCB) 
have been measured as functions of laser fluence, DCCB pressure, and buffer gas pressure. Both 
Woodward-Hoffman allowed and "forbidden" isomers were observed. The fraction of "forbidden" products 
was found to increase linearly with fluence above a threshold of 3.5 J/cm2

• At high fluence the yield increased 
quadratically with neat DCCB pressure. Both the yield and fraction of "forbidden" products declined 
monotonically with buffer gas pressure. These observations are explained in terms of a two-channel 
mechanism, in which the allowed isomer is formed in a concerted path and the forbidden isomers are 
produced from a diradical intermediate in a nonconcerted reaction. 

I. INTRODUCTION 

Infrared laser-initiated unimolecular reactions have 
been investigated intensively in recent years. 1.2 In 
these reactions the parent molecule absorbs many pho­
tons in rapid succeSSion, until the reaction rate be­
comes comparable to the optical pumping rate. In the 
case of unimolecular decomposition, since most of the 
absorbed energy is utilized in breaking one or more 
bonds, the resulting fragments usually contain only 
modest amounts of vibrational energy. In particular, 
if the threshold energy for reaction Eth and the reaction 
enthalpy AlI are comparable in Size, then the amount 
of energy available for partitioning between product 
translational and internal degrees of freedom will be 
fairly small. In contrast, for isomerization reactions 
AlI may be positiVe or negative, while I AlI I tends to 
be much smaller than E th• Consequently, the nascent 
products are born with a large amount of internal energy 
which can be removed only through radiation and colli­
sions. Indeed, deactivation of the product species be­
low the barrier for isomerization is required in order 
to define the isomeric state of the product. The essen­
tial role played by collisions even at low pressures dis­
tinguishes isomerization from other unimolecular pro­
cesses. 

A second interesting aspect of isomerization reactions 
is the possibility of obtaining stereospecific products. 
When more than one stereoisomer can be formed, it is 
possible to use the Woodward-Hoffmann rules3 to pre­
dict the outcome of the reaction. It has been conjec­
tured, however, that these rules may be relaxed for 
molecules having very large amounts of vibrational 
energy.4 One might therefore expect to obtain sym­
metry-forbidden products by IR multiphoton excitation 
of the parent molecule. 

To date there have been comparatively few detailed 
studies of IR multiphoton-induced isomerization re­
actions. 5-21 Pioneering experiments in this area have 
been carried out by Yogev and co-workers. 5-9 In their 
most recent work they investigated the CO2 laser-in-

alpresent address: InterNorth Inc., Research Center, 4840 F 
Street, Omaha, NE. 

duced ring-opening of perfluorocyclobutene. 7-9 They 
observed a nonlinear dependence of the reaction yield 
on laser fluence. After many laser pulses they ob­
tained up to 30% conversion of the neat gas and 100% 
conversion in a He bath. The isomerization was iso­
topically selective, with increased specifiCity in the 
presence of a buffer gas. These studies have motivated 
an information-theoretic treatment of multiphoton­
induced isomerization reactions, formulated by Ben­
Shaul and Haas. 22 

The perfluoro compound studied by Yogev et al, is 
somewhat unique in that the ring-opening is endothermic. 
A study of the exothermic isomerization of 1-methyl­
and 1, 2-dimethyl cyclobutene was carried out by 
Buechele et al, 19 Although these reactions do not reveal 
any stereochemical information, the authors reported 
the very interesting finding that the reverse, endother­
mic ring clOSing of the butadienes can also be induced 
by laser excitation. Their work is a continuation of an 
earlier study of the CO2 laser-initiated interconversion 
of the five hexadiene isomers. 18 

In order to test the stereospecificity of laser-initiated 
unimolecular reactions, Danen et al. 20 and Gordon 
and co-workers21 used a CO2 laser to isomerize 
cis -3, 4-dichlorocyclobutene (DCCB). The principle 
objective of this study was to determine whether the 
Woodward-Hoffmann rules are satisfied by highly 
excited molecules.· The thermally allowed reaction 
on the ground electronic surface produces only 
ds, trans-1, 4-dichloro-1, 3-butadiene (CT), 

DCCB 

CI 

H~H 
~ CI 

H 
H 

CT 

in a concerted, conrotatory mechanism. The thermally 
forbidden, photochemically allowed reaction yields the 
cis, cis (CC) and trans, trans (TT) isomers, 
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in a disrotatory, concerted path. 
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In our preliminary study of DCCB isomerization we 
found that with fluences greater than 3.5 J/cm2, at a 
wavelength of 10.812 j.ID, substantial amounts of sym­
metry-forbidden products were formed. The fraction 
of forbidden isomers increased linearly with fluence 
above the threshold, reaching a value of 18% at 8.2 
J/cm2• Danen et al. 20 failed to observe the forbidden 
products; however, their highest fluence corresponds 
to our reported threshold. In the present paper we ex­
plore in more detail the laser-induced isomerization of 
DCCB. We have investigated systematically the effects 
of fiuence, reactant pressure, and buffer gas pressure 
on the reaction yield and the product branching ratios. 
A quantitative explanation of these results, using a 
thermal RRKM model, will be presented in a forth­
coming publication. 23 

II. EXPERIMENTAL METHODS 

The experiments were carried out using a pulsed CO2 
laser to irradiate samples of DCCB contained in Pyrex 
cells. The composition of the irradiated samples was 
determined by gas chromatography, while the total 
yield was measured by UV spectroscopy. 

The TEA CO2 laser used in this study (Lumonics 
103K) was grating tuned to the P(40), 10.812 J.Lm line. 
This wavelength, which lies on the shoulder of the 
1118 fundamental of DCCB, 24 was selected as a com­
promise between the increase in absorptivity and 
the decrease in laser fiuence with increasing wave­
length. The laser was pulsed at a rate < 0.2 Hz, 
with a typical fluence of 1.0 J/cm2. Higher fiuences 
were usually obtained by focusing the 3.8 x 1. 6 cm2 

rectangular beam with an AR coated, 5.1 cm diam, 
77 cm focal length, Ge lens. The fluence entering 
the cell was adjusted by varying the distance between 
the lens and cell. The volume irradiated by the laser 
was determined by measuring burn patterns on heat 
sensitive paper placed at the position of the center 
of the cell. The actual fluence delivered to the cell 
was determined by measuring the average energy 
reaching a calibrated disk calorimeter (Scientech 362) 
through a 0.457 cm diam aperture placed at various 
points along the optical path. Based on these measure­
ments we determined that the fluence along the length 
of a 2.5 cm long cell varied by no more than ± 5% of 
the fluence at the center of the cell. 

The irradiation cells were constructed from 2. 54 cm 

o.d. Pyrex tubes cut to 2.04 cm lengths and connected 
to ballast bulbs having volumes ranging from 0.1 to 
2.4 1. NaCI windows were attached to the tubes with 
soft (Techkits E-7) epoxy. The ballast volume was 
needed to keep the total conversion of DCCB below 
5% after multiple laser pulses. To promote efficient 
mixing of the gas in the irradiation and ballast VOlumes, 
the connecting Pyrex channels were kept as short 
« 0.6 cm) and as wide (1. 7 cm i. d.) as feasible. For 
gc measurements at low DCCB pressures, the ballast 
volume was at least 1. 5 1, and in addition a condensa­
tion side arm was attached to the ballast bulb in order 
to increase the amount of injected material. For the 
UV absorption measurements, a 10 cm Pyrex tube 
fitted with S-l quartz windows was attached to the 
ballast bulb. 

The chemical composition of the gas after irradia­
tion was determined with a Varian 2700 gas chromato­
graph equipped with a flame ionization detector. The 
reactant and product isomers were separated on a 
3 m long, 0.22 cm i. d. stainless steel column filled 
with 5% f3{f oxyproprionitrile on firebrick. The gas 
flow rates were 317, 10, and 17.1 cm3 min-1 for N2, 
air, and H2, respectively. For most of the measure­
ments the column temperature was maintained at 
70°C. In some cases, however, 50°C was used to 
reduce the background noise and to increase the 
separation between the CT and TT peaks. Peak as­
signments on the chromatogram were established by 
running pure samples of each compound separately. 
These samples were themselves identified by NMR, 
IR, and (in the case of DCCB) FTIR spectroscopy. 

The total reaction yield was determined by measur­
ing the absorption at 232.5 nm using a Cary 14 spectro­
photometer. A calibration run showed that CT has an 
absorption peak at this wavelength, with an extinction 
coefficient of 2.8x 10· 1 mol-tcm- t, in good agreement 
with the literature value. 25.26 

The reaction vessels were routinely evacuated to 
pressures below 10-3 Torr, using a 2 in. oil diffusion 
pump. Prior to each run the vessel was filled with the 
reactant gas, evacuated, and then refilled. Gas pres­
sures were measured with either a 10 Torr Datametrics 
capacitance manometer or a 760 Torr Wallace and 
Tiernan mechanical pressure gauge. 

The various compounds used in this study were syn­
thesized by standard methods. DCCB was prepared by 
the method of Pettit and Henery27 and purified by pre­
parative gc. The CT isomer was prepared by heating 
DCCB in a sealed tube at 175°C for 4 h. The CC and 
TT isomers were prepared by heating a sample of CT 
to 100°C in the presence of a trace of Ie, according to 
the method of Bartlett and Wallbillich. 28 The three 
isomers were then separated chromatographically. 

III. RESULTS 

The principal result of this study is that under suitable 
experimental conditions a substantial fraction of "for­
bidden" isomers can be formed by infrared multiphoton 
excitation. Except at very low and very high pressures 
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of neat DCCB (POCCB), the only products observed 
chromatographically were the three isomers (CC, TT, 
and CT) of dichlorobutadiene. Conventional m spec­
troscopy did not reveal any HCI product. An upper limit 
for HCI elimination is 2% of the total products formed 
at P OCCB = O. 25 Torr and a laser fluence cp of 8.2 J/ cm2 • 

When P OCCB was low enough that the mean free path in 
the gas was comparable to the cell radius, some low 
molecular weight products were also formed. Thus at 
P OCCB = O. 020 Torr and cp = 8. 2 J/ cm2

, approximately 
1% of the products were dissociation fragments. When 
a Teflon insert (0.95 cm i. d.) was placed in the cell, 
this fraction increased to 8%, while the relative amounts 
of CC, TT, and CT isomers were unchanged. Frag­
mentation was also observed at high DCCB pressures. 
For example, at P OCCB =0.60 Torr and cp =8.2 J/cm2, 

the fraction of decomposition products was 12.5%. 

Before measuring systematically the product isomer 
distribution, a number of experiments were carried out 
to test for possible artifacts. In particular, two tests 
were performed to determine the extent of heterogeneous 
effects which have been observed in other studies. 29,30 

First, we found that reducing the Pyrex cell diameter 
from 2.5 to 1.25 cm had no effect on the product yield 
or composition. Second, changing the laser wavelength 
to 10.285 /.Lm, where DCCB does not absorb, com­
pletely suppressed the reaction. These tests, per­
formed with P OCCB =0.25 Torr and cp =8.2 J/cm2, dem­
onstrate that wall and window reactions were negligible. 

Another possibility we examined is that the forbidden 
isomers are the products of secondary reaction of cold 
CT produced by earlier laser pulses. To test this 
hypothesis, we measured the branching ratios, 31 

r={[CC]+[TT]}/{[CC]+[TT]+[CT]} , (1) 

and 

r=[CC]/[TT] , (2) 

as functions of the number of laser pulses N. As shown 

7 

6 

5 

4 FIG. 1. Branching ratios r (open cir-n cles) and r (filled circles) as functions n 
......... of the number of laser pulses. Data are 

3 -i for 0.25 Torr of neat DCCB irradiated 
-i 

with 8.2 J/cm2 at 10.812I-'m. 

2 

in Fig. 1, both quantities increase monotonically with 
N. The positive intercepts confirm that CC and TT are 
indeed primary products. There is, however, a grad­
ual conversion of CT to CC and TT. In a separate ex­
periment we found that irradiation of pure CT at the 
same wavelength and fluence resulted in slow conver­
sion to CC. In practice N was kept small enough to 
minimize the extent of secondary isomerization. The 
yields and branching ratios reported in this paper were 
always extrapolated back to N = 1. 

Following these preliminary studies we measured 
the dependence of the fractional yield Y, and the 
branching ratios r, and r, on cp, P OCCB , and buffer gas 
pressure PM' Throughout this paper Y is defined as the 
fractional conversion of DCCB per laser pulse within 
the irradiated volume of gas. 

The fluence dependence of Yat P OCCB = 0.25 Torr of 
neat gas is shown in Fig. 2. There is an apparent 
threshold for ring opening at cp = 3. 0 J/cm2, although 
very small concentrations of products were observed 
at fluences as low as 1. 0 J/cm2 (see Figs. 5 and 6). 
The nuence dependence of r is shown in Fig. 3. No 
forbidden products were seen for cp < 3. 5 J/ cm2, while 
at higher nuences r increased linearly with cp. The 
open circle in Fig. 3 is the highest nuence measure­
ment of Danen et al. 20 The nuence dependence of r is 
shown in Fig. 4. The rapid falloff of r at low cp indi­
cates a threshold for TT formation at approximately 
4 J/cm2• 

The neat pressure dependence of Y at fluences of 1. 0, 
1.7, and8.2J/cm2 isshowninFigs. 5-7. At1.0and 
8.2 J/cm2

, Y varied as P~CCB' while at cp = 1. 7 J/cm2 Y 
varied approximately as P~·gCB' At cp = 8.2 J/ cm2 and 
P OCCB > 0.4 Torr, yields greater than unity were ob­
served, indicating that molecules outside of the irradi­
ated volume were also isomerized. Indeed, at P OCCB 

= 1. 5 Torr and cp = 8.2 J/ cm2 (not shown in the figure), 
75% of the molecules in the entire cell were isomerized 
by a single laser pulse. 
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FIG. 2. Total product yield per laser pulse as a function of 
laser fluence. Data are for 0.25 Torr of neat DCCB. The 
filled circles indicate yields «1%. 
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FIG. 3. Branching ratio (fraction of forbidden products) as a 
function of laser fluence. Data are for 0.25 Torr of neat 
DCCB. The open point is the highest fluence measurement of 
Danen et al. (Ref. 20). 
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FIG. 4. Ratio of cis. cis to trans. trans isomers as a function 
of laser fluence. Data are for 0.25 Torr of neat DCCB. 

</J =1.0J/cm 2 

10-2 

~-4~ __ L-~ __ ~ __ ~L-~~ 
1.0 10. 

DCCS Pressure (Torr) 

FIG. 5. Total product yield va neat DCCB pressure for a flu­
ence of 1. 0 J/ cm2 • Open and filled symbols were measured 
with a different DCCB sample. The line indicates a quadratic 
pressure dependence. 

The neat pressure dependence of r at 8.2 J/ cm2 is 
shown in Fig. 8. r was found to decline from a value 
of 28% at 0.020 Torr to a minimum value of 18%, and 
then gradually to increase at higher pressures. The 
very weak dependence of r on F DCCB is remarkable, 
considering that the total number of molecules con­
verted per pulse varied by five orders of magnitude. 
Over this pressure range r was constant, within ex-
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FIG. 6. Total product yield vs neat DCCB pressure for a flu­
ence of 1.7 J/cm2• 
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FIG. 7. Total product yield vs DCCB pressure for a fIuence 
of 8.2 J / cm2 • The line indicates a quadratic presl¥lre depen­
dence. 

perimental error. 

In another series of experiments the effects of dif­
ferent buffer gases on the yield and branching ratios 
were studied. In these measurements P DCCB was fixed 
at O. 25 Torr and 4> was set at 8.2 J/ cm2. The variation 
of Y with PJI is shown in Fig. 9 for M=He, Ar, N2, and 
02' In each case Y decreased monotonically with P II' 
with the relative "quenching" efficiencies in the order 
He<Ar<N2<02' The branching ratios were not mea­
surably affected by He for pressures up to 25 Torr. 
The effects of Ar, N2, and O2 on r and r are shown in 
Fig. 10. In each case r decreased and r increased 
monotonically with PM' The large effect of <>z on r sug­
gests that in this case chemical as well as physical 
quenching may be important. We note that the overall 
effect of increasing PJI is qualitatively similar to that 
of decreasing 4>. 
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FIG. 8. Branching ratio (fraction of forbidden products) vs 
neat DCCB pressure at a fIuence of 8.2 J/cm2• Open circles 
indicate a product yield greater than unity. 

J 
l. 
....... 
'a 

:i 
>-
§ 
;: 
u 
~ 
~ 

0.2 

0.1 

0.05 

0.02 

J ; 

0.01 O~-+----±.!.-"":"'-:!:---!----:~fI-.~...J 

Pre •• ure (Torr) 

FIG. 9. Total reaction yield vs pressure of buffer gas for 
0.25 Torr of DCCB and a fIuence of 8.2 J/cm2• 
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FIG. 10 Branching ratios r (open circles, ordinate on left) 
and r (solid circles, ordinate on right) vs buffer gas pressure 
for a DCCB pressure of O. 25 Torr and a fIuence of 8. 2 J / cm2 • 
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In addition to the experiments reported here, two 
further studies relevant to DCCB isomerization have 
been carried out and will be published separately. In 
the first study3Z the average number of photons n ab­
sorbed by DCCB was measured using optical absorption 
and optoacoustic techniques. The main findings of this 
study are that n is independent of P DCCB for the pres­
sures used in the present study, and that it increases 
approximately linearly with cp, reaching a value of 
27 ±4 at 8.2 J/cm. 2 In the second study,33 the thermal 
rate constant for the isomerization of DCCB was mea­
sured over the temperature range 400-475 K. The high 
pressure rate constant was found to be k"" = 1. 1 X 1014 

exp( - 36.0/ RT). In addition, a measurement of the 
equilibrium distributions of isomers at 298 K revealed 
that CC is more stable than CT by 0.9 kcal/mol, while 
CT is more stable than TT by 0.7 kcal/mol. 

IV. DISCUSSION 

A. Thermochemical considerations 

A number of reaction mechanisms could contribute 
to the multiphoton isomerization of DCCB. These in­
clude (i) conrotatory reaction on the ground (singlet) 
electronic surface; (ii) disrotatory reaction on the first 
electronically excited (triplet) surface; (iii) noncon­
certed rupturing of the 1, 2 carbon-carbon single bond; 
and (iv) a serial mechanism in which concerted ring­
opening is followed by rotation about a vibrationally hot 
double bond. In order to evaluate these mechanisms it 
is necessary to estimate the energetics associated with 
each of them. In doing so we will use the isomerization 
of cyclobutene (CB) as a reference reaction from which 
related quantities in the DCCB system may be esti­
mated. In the discussion which follows the reader will 
find it helpful to refer to Fig. 11, in which the ener­
getics of the CB and DCCB reactions are plotted sche­
matically. 

Consider first the enthalpy of isomerization. For 
CB, AHo was found calorimetrically to be - 11. 5 kcal/ 
mol. 34 AHo should be more negative for DCCB because 
the Cl atoms stabilize butadiene relative to cyclobutene. 
Benson's bond additivity rules35 predict that AHo for 
DCCB is reduced by 9 kcal/mol. A Simple comparison 
of AHf for Calis, CzH5Cl, CZH4, and CzH3Cl, however, 
predicts a net stabilization of only 2 kcal/mol for each 
Cl atom. 36 In our analysis we assumed that A~ for 
DCCB is reduced by a total of 4 kcal/mol, resulting in 
A~ =-15.5 kcal/moL 

Next, consider the activation energy Ea along each 
of the proposed reaction paths. (i) For the concerted 
reaction on the ground electronic surface Ea = 32. 9 
kcal/ mol for CB,37 while for DCCB Ea = 36 kcal/ mol. 33 

The larger activation energy for DCCB may be attrib­
uted to steric hindrance in the concerted rotation of Cl 
and H atoms into the molecular plane, which offsets the 
stabilizing effect which the Cl atoms may have on the 
transition state. (ii) The activation energy for the pho­
tochemically allowed disrotatory reaction is at least as 
large as the separation between the ground state 
and the first electronically excited state. For CB this 
separation is 85 kcal/mol, 38 and for DCCB it should be 

c 

CC+TT 

Reaction Coordinate 

FIG. 11. Thermochemical estimate of the energetics of vari­
ous possible reaction mechanisms. Solid curves are for the 
isomerization of unsubstituted cyclobutene (CB), while the 
dashed segments refer to DCCB. Zero energy corresponds to 
cis, trans butadiene and cis, trans dichlorobutadiene. Barrier 
(a) is for the concerted, conrotatory ring opening [mechanism 
(i)]; barrier (b) is for a nonconcerted formation of a diradial 
intermediate [mechanism (iii)]; barrier (c) is for rotation 
about a hot double in the CT isomer [mechanism (iv)]. Note 
that for the unhalogenated molecules TT is more stable than 
CC, while for the chlorinated species the reverse is true. 
This is indicated to the right of barrier (c), but is omitted for 
clarity on the left side of the figure. Also, for clarity, the po­
tential wells corresponding to the diradical intermediates are 
not shown. 

comparable. 

(iii) The third reaction path involves nonconcerted 
rupturing of the carbon-carbon Single bond to produce 
a diradical intermediate. Working backwards from 
butadiene we find that Ea is the sum of three terms: 
the energy for rupturing and rotating about the double 
bond, the allylic stabilization energy of the intermedi­
ate, and the repulsion energy for ring-closure. 39 For 
butadiene these three quantities are 65.0,40 - 10.2 to 
-12.6,41 and - 5, 35 kcal/mol, respectively. Assuming 
-10 kcal/mol for allylic stabilization, we obtain 
E. = 60 kcal/mol for ring clOSing and 48. 5 kcal/mol for 
ring opening of CB. The difference, till., between the 
diradical and concerted activation energies for the ring 
opening of CB is therefore 16 kcal/mol. 4Z 

To calculate the corresponding energies for DCCB 
isomerization it is necessary to take into account both 
stabilizing and destabilizing effects that the CI atoms 
have on the diradical intermediate. A comparison of 
Ea for the isomerization of trans-l, 2-dideuteroethylene 
and trans-l, 2-dichloroethylene shows that the two CI 
atoms stabilize the transition state by a total of 10.7 
kcal/mol. 41 If the CI atom and the aUylic effects are 
additive, the diradical would be extensively stabilized 
by resonance delocalization of the unpaired electrons, 
with the two free spins tending to reside on the terminal 
CI atoms. However, in the transition state leading to 
the diradical intermediate, the planar array of atoms 
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required for this extensive delocalization is not yet 
achieved. Hence the total stabilization is likely to be 
less than 21 kcal/mol, though it should be greater than 
the 10 kcal/mol contributed by the allylic stabilization 
alone. In addition to these stabilizing effects, for a 
nonplanar transition state there is the added effect of 
CI-CI steric repulsion. From the torsional barriers 
of chlorinated ethanes we estimate this destabilization 
energy to be - 5 kcal/mol. 43 Taking all these contribu­
tions into account, we estimate that E.= 54 to 65 kcal/ 
mol for ring-closure, 38.5 to 49.5 kcal/mol for ring 
opening, and AE. = 2.5 to 13.5 kcal/mol. 

(iv) The fourth proposed mechanism is a concerted 
ring opening to form CT, followed by rotation about a 
vibrationally hot double bond to produce the other iso­
mers. The barrier for this process is the same as in 
mechanism (iii), except that the 5 kcal/mol repulsion 
energy for ring-closure is absent. Since experimentally 
we observe only the concerted product at low fluence, 
it is unlikely that t:..E. < 0, indicating that the stabiliza­
tion of the intermediate is considerably less than 
the upper value of 21 kcal/mol. In Fig. 11 we arbi­
trarily assumed a diradical stabilization energy of 15 
kcal/mol, yielding t:..E.=8.5 kcal/mol for mechanism 
(iii) and 3.5 kcal/mol for mechanism (iv). 

B. Reaction mechanism 

We consider next which of the proposed mechanisms are 
consisted with our observations. The concerted produc­
tion of CC and TT on the ground electronic surface (mech­
anism (i)J is forbidden by the Woodward-Hoffman rules. 
Ross and co-workers4 pOinted out, however, that strong 
vibrational motion introduces into the Hamiltonian non­
Born-Oppenheimer terms which could relax the sym­
metry requirements. Although it is difficult to estimate 
the contribution of this mechanism, our observation 
that [CC]> [TT] (r> 1 in Figs. 4 and 10) suggests that 
the reaction is largely nonconcerted. Of the three 
product isomers, CC is thermodynamically the most 
stable because rotation about the carbon-carbon Single 
bond allows two hydrogen bonding interactions. 28 Since 
in a nonconcerted reaction steric effects should not be 
a dominant factor, we would expect the product dis­
tribution to approach thermodynamic equilibrium, thus 
favoring CC. In a concerted mechanism, however, 
production of the TT isomer is kinetically favored be­
cause initial formation of the cisoid conformer neces­
sary for producing CC is sterically hindered. 

Mechanism (ii) requires absorption of 40 to 50 pho­
tons on the ground electronic surface, followed by in­
verse electronic relaxation to the first electronically 
excited state of DCCB. Although it is possible that a 
sufficiently large population of the irradiated molecules 
do absorb this number of photons, such highly excited 
molecules would have enough energy, while still in the 
ground electronic state, to undergo fragmentation and 
elimination reactions at all DCCB pressures. This 
was not observed experimentally. 

The remaining pathways involve a diradical inter­
mediate. Mechanism (iii) is a "parallel" process, 

in which the allowed and forbidden products are formed 
independently. The alternative (pathway (iv)] is a 
"serial" process 

DCCBcCTt7cc, TT 

in which CTt is formed vibrationally hot and goes on 
(perhaps by absorbing additional photons) to produce 
CC and TT. Such a mechanism has been shown to oc­
cur in the laser-induced isomerization of the hexadiene 
isomers.18 It might also be important in the laser-in­
duced isomerization of DCCB because the activation 
energy for reaction d' is - 5 kcal/mol lower than for 
step d. However, there are a number of indications 
that under our experimental conditions the parallel 
mechanism dominates. In the serial mechanism, vi­
brational relaxation should compete very effectively 
with secondary reaction (step d') since only a few col­
lisions would be needed to deactivate CT below the bar­
rier for rotation about the double bond. Thus one would 
expect for this mechanism that r-1 would increase lin­
early with pressure. In fact we observed that r is in­
sensitive to P DCCB (see Fig. 8) and PH.' The branching 
ratio does decline with the addition of other buffer gases 
(Fig. 10); however, Stern-Volmer plots display marked 
curvature in r-1 vs PM' In addition, experiments with 
more conventional excitation sources indicate that the 
parallel mechanism dominates. In the photochemically 
induced isomerization of 1, 3-cis-dimethylcyclobutene, 
Srinivasan39 demonstrated that TT is quenched before 
secondary isomerization can occur. A similar effect 
in the thermally induced isomerization of this molecule 
was implied by Brauman and Archie. 43 

The pressure dependence of the total yield is a direct 
indication of the importance of collisions in the reaction 
mechanism. But unlike the behavior observed for dis­
sociative reactions, 45-54 the pressure effect reported 
here perSists down to very low values of P DCCB ' Two 
possible effects of colliSions, both of which could in­
crease the yield by increaSing the amount of energy ab­
sorbed, are pressure broadening of the absorption line 
and rotational hole filling. 2,48 The optoacoustic mea­
surements, however, revealed that n is independent of 
P DCCB and PM' Also, Fig. 9 shows that Y decreases 
monotonically with PM' whereas these colliSional pro­
cesses should cause Y initially to increase with PM' 
Another possible collisional effect is energy pooling of 
two partially activated molecules. 53-55 Such a mecha­
nism could explain the threshold behavior at low fluence 
(Figs. 5 and 6). At higher nuences, however, where 
n exceeds the activation energy for concerted reaction 
(36 kcal/mol, or 14 hv), a substantial fraction of the 
molecules should react without the need for energy 
pOOling. Moreover, if pooling were significant, frag­
mentation would be expected to occur to a much greater 
extent than actually observed. 

In the mechanism which we propose, collisions are 
important only after termination of the laser pulse, 
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which serves primarily to initiate the reaction. A 
fraction of the DCCB molecules absorb 14 or more in­
frared photons in the ground electronic state. Mole­
cules formed with energy above the barrier for diradi­
cal formation are free to shuttle back and forth above 
the different wells. These excited species must be 
collisionally deactivated before they can drop down into 
one of the isomeric states. As pointed out in the In­
troduction, the requirement of collisions to stabilize 
the newly formed molecules is a unique feature of isom­
erization reactions. 22 If the colliSion partner itself is 
activated, it may acquire sufficient energy to isomerize. 
Thus an energy chain will result, which can be termi­
nated either by diffusion out of the irradiation zone, or 
by collision with cold buffer gas molecules. Indeed, at 
high FOCCB most of the reaction will occur after the end 
of the laser pulse. Moreover, if the isomerization 
reaction is exothermic and the substrate pressure is 
high enough, the energy chain will be thermally unstable 
and an explosion may result. 14,56-58 This phenomenon 
could explain the very large yields and the fragmentation 
products observed at high pressures of DCCB. 

The quadratic pressure dependence of the yield at 
high nuence could be explained by a kinetic model in 
which most of the reaction occurs during the thermal 
pulse initiated by the laser. One factor of FOCCB is due 
to the pressure dependence of the unimolecular rate 
constant in the falloff region, while the second factor 
comes from the linear pressure dependence of the time 
constant for thermal relaxation of the laser-heated gas. 
In this model, the effect of the buffer gas is to increase 
the heat capacity, and hence decrease the temperature 
of the reacting gas. It is difficult to explain, however, 
the very low yields at low DCCB pressure. One would 
expect Y to level off at low FOCCB to some constant 
value characteristic of the "active" DCCB population 
excited by the laser. Work on this problem is continuing 
in this laboratory. 

C. Concluding remarks 

We have found experimentally that both Woodward­
Hoffmann allowed and forbidden products can be formed 
by homogeneous, gas phase irradiation of DCCB with a 
pulsed infrared laser. It is argued that the symmetry 
allowed product is formed in a concerted conrotatory 
ring-opening on the ground electronic surface, while 
the forbidden isomers are produced by rupture of a 
carbon-carbon single bond to form a diradical inter­
mediate. The final identity of the product is determined 
only after deactivating collisions quench the vibrationally 
excited nascent molecule. 

To explain our results we have proposed a kinetic 
model in which it is assumed that the reaction occurs 
thermally after termination of the laser pulse. This 
model can be used to explain a number of our observa­
tions, including the threshold for forbidden product 
formation, the magnitude of the branching ratio, and 
the effects of DCCB pressure and buffer gas pressure 
on the reaction yield and branching ratio. A quantitative 
application of this model will be presented in a forth­
coming paper. 23 

ACKNOWLEDGMENTS 

We have enjoyed many fruitful discussions with Pro­
fessor J. Brauman, Dr. John Barker, Dr. A. Baldwin, 
Professor Y. Haas, and Professor A. Yogev. We wish 
to thank Dr. L. -So John for preparing the compounds 
used in this study. Support from the National Science 
Foundation under grant no. CHE78-07998 is gratefully 
acknowledged. 

IJ. I. Steinfeld, in Laser-Induced Chemical Processes, edited 
by J. I. Steinfeld (Plenum, New York, 1981), p. 243. 

2R. V. Ambartzumian and V. S. Letokhov, in Chemical and 
Biochemical Applications of Lasers, edited by C. B. Moore 
(Academic, New York, 1977), Vol. III, p. 167. 

3R. B. Woodward and R. Hoffmann, The Conservation of Or­
bital Symmetry (Academic, New York, 1970). 

4(a) H. MeUu, J. Ross, andG. M. Whitesides, Agnew. Chern. 
Int. Ed. Eng. 18, 377 (1979); (b) T. F. George and J. Ross, 
J. Chern. Phys. 55, 3851 (1971). 

'A. Yogev and R. M. J. Lowenstein-Benmair, J. Am. Chern. 
Soc. 95, 8487 (1973). 

61. Glatt and A. Yogev, J. Am. Chern. Soc. 98, 7087 (1976). 
7A. Yogev and R. M. J. Benmair, Chern. Phys. Lett. 46, 

290 (1977). 
8A. Yogev and R. M. J. Benmair, Chern. Phys. Lett. 63, 

558 (1979). 
91. Glatt and A. Yogev, Chern. Phys. Lett. 77, 228 (1981). 
10C. Cheng and P. Keehn, J. Am. Chern. Soc. 99, 5808 

(1977). 
11R. V. Ambartzumian, N. V. Chekalin, V. S. Doljikov, V. S. 

Letokhov, and V. N. Lokhman, Opt. Commun. 18, 400 
(1976); J. Photochem. 6, 55 (1976/77). 

12C. Reiser, F. M. LUSSier, C. C. Jensen, and J. I. Stein­
feld, J. Am. Chern. Soc. 101, 350 (1979). 

13K. Nagai and M. Katayama, Chern. Phys. Lett. 51, 329 
(1977). 

14D. S. Bethune, J. R. Lankard, M. M. T. Loy, J. Ors, and 
P. P. Sorokin, Chern. Phys. Lett. 57, 479 (1978). 

15A• Hartford, Jr. and S. A. Tuccio, Chern. Phys. Lett. 60, 
431 (1979). 

ISR • B. Hall and A. Kaldor, J. Chern. Phys. 70,4027 (1979). 
17W• E. Farneth, M. W. Thomsen, and M. A. Berg, J. Am. 

Chern. Soc. 101, 6468 (1979). 
18J • L. Buechele, E. Weitz, and F. D. Lewis, J. Am. Chern. 

Soc. 101, 3700 (1979); J. Chern. Phys. 77, 3500 (1982). 
19J • L. Buechele, E. Weitz, and F. D. Lewis, J. Am. Chern. 

Soc. 103, 3588 (1981). 
2OW. C. Danen, D. F. Koster, and R. N. Zitter, J. Am. 

Chern. Soc. 101, 4281 (1979). 
2IC._R. Mao, N. Presser, L.-S. John, R. M. Moriarty, 

and R. J. Gordon, J. Am. Chern. Soc. 103, 2105 (1981). 
22A. Ben-Shaul and Y. Haas, J. Chern. Phys. 73, 5107 (1980). 
23R. J. Gordon and N. Presser (to be submitted). 
24E • M. Suzuki and J. W. Nibler, Spectrochim. Acta A 30, 15 

(1974). 
2'H._G. Viehe and E. Franchimont, Chern. Ber. 'iYl, 602 

(1964). 
26The UV absorption was measured at the CT peak. At this 

wavelength the extinction coefficients of CT and TT are iden­
tical, while that of CC is 20% lower (Ref. 25). This differ­
ence between the extinction coefficients of the different iso­
mers could cause at most a 2% error in the total yield mea­
surements. 

27R. PettitandJ. Henery, J. Org. Synth. 50,36 (1970). 
28p. D. Bartlett and G. E. H. Wallbillich, J. Am. Chern. Soc. 

91, 409 (1969). 
29G• Salvetat and M. Bourene, Chern. Phys. Lett. 72, 348 

(1980). 

J. Chern. Phys., Vol. 78, No. 10, 15 May 1983 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.113.111.210 On: Fri, 19 Dec 2014 17:12:35



Presser et al.: I somerization of cis-3,4-dichlorocyclobutene. I 6029 

30Z. Karny and R. N. Zare, Chem. Phys. 23, 321 (1977). 
31Note the misprint in the definition of r in Ref. 21. 
32N. Presser, J. R. Barker, and R. J. Gordon, J. Chem. 

Phys. (to be published). 
33R. Herczek, M. Dicig, N. Presser, and R. J. Gordon (un­

published results). 
34K• B. Wiberg and R. A. Fenoglio, J. Am. Chem. Soc. 90, 

3395 (1968). 
35S. W. Benson, Thermochemical Kinetics, 2nd ed. (Wiley, 

New York, 1976). 
38J • D. Cox and G. Pilcher, Thermochemistry of Organic and 

Organometallic Compounds (Academic, New York, 1970). 
3TR. W. Carr, Jr. and W. D. Walters, J. Phys. Chem. 69, 

1073 (1965). 
38R. Srinivasan, J. Am. Chem. Soc. 91, 7557 (1969). 
39L. M. Stephenson, Jr. and J. I. Brauman, Acc. Chem. Res. 

3, 65 (1974). 
40S. W. Benson and H. E. O'Neil, Kinetic Data on Gas Phase 

Unimolecular Reactions, Nat!. Stand. Ref. Data. Ser. Nat!. 
Bur. Stand. 21 (1970), p. 349. 

UK. W. Egger, D. M. Golden, and S. W. Benson, J. Am. 
Chem. Soc. 86, 5420 (1964); D. M. Golden, A. S. Rodgers, 
and S. W. Benson, ibid. 88, 3196 (1966). 

42J. I. BraumanandW. C. Archie, Jr., J. Am. Chem. Soc. 
94, 4262 (1972). 

43G. Allen, P. N. Brier, and G. Lane, Trans. Faraday Soc. 
63, 824 (1967). 

"In the case of cis-3, 4-dimethylcyclobutene, ABa = 11 ± 1 kcal/ 
mol (Ref. 42). Brauman and Archie attribute the reduction 

of t:.Ea to steric hindrance in the concerted path. 
45J. C. Jang and D. W. Setser, J. Phys. Chem. 83, 2810 

(1979). 
46G. Koren, M. Okon, and U. P. Oppenheim, Opt. Commun. 

22, 351 (1977); G. Koren and U. P. Oppenheim, Chem. 
Phys. Lett. 67, 289 (1979). 

4TR. V. Ambartsumyan, Yu. A. Gorokhov, V. S. Letokhov, G. 
N. Makarov, and A. A. puretskii, Sov. Phys. JETP 44, 231 
(1976). 

48C. R. Quick, Jr. and C. Wittig, J. Chern. Phys. 69, 4201 
(1978). 

49D. K. Evans, R. D. McAlpine, and F. K. McClusky, Chern. 
Phys. Lett. 65, 226 (1979). 

500. K. Evans, R. D. McAlpine, and F. K. McClusky, Chern. 
Phys. 32, 81 (1978). 

51M. H. Back and R. A. Back, Can. J. Chern. 57, 1511 (1979). 
52L • Selwyn, R. A. Back, and C. Willis, Chern. Phys. 32, 323 

(1978). 
53R • Corkum, C. Willis, and R. A. Back, Chern. Phys. 24, 13 

(1977). 
54p. A. Hackett, V. Malatesta, W. S. Nip, C. Wlllis, and P. 

B. Corkum, J. Phys. Chern. 85, 1152 (1981). 
551• Oref, J. Chern. Phys. 75, 131 (1981). 
56H• O. Pritchard and B. J. Tyler, Can. J. Chern. 51, 4001 

(1973). 
57p. Avouris, J. Phys. Chern. 84, 1797 (1980). 
58S. W. Benson, The Foundations of Chemical Kinetics, 

(McGraw-Hill, New York, 1960), p. 425. 

J. Chern. Phys., Vol. 78, No. 10, 15 May 1983 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.113.111.210 On: Fri, 19 Dec 2014 17:12:35


