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Abstract: The energy dependence and absolute magnitude of the nonradiative lifetimes of 4-methyl-1-pyrazoline and trans-
3,4-dimethyl-1-pyrazoline excited to their first singlet (n — = *) state at low pressures in the gas phase do not effectively dif-
fer from the corresponding singlet state lifetimes of 1-pyrazoline. These data combined with quantum yield, product compo-
sition, and energy partitioning results indicate that on excitation by wavelengths near the onset of absorption, 1-pyrazolines
dissociate principally from their first singlet excited state, likely by rupture of a single C-N bond, to form an intermediate
which undergoes subsequent decomposition with random intramolecular energy relaxation of all of the available energy to
the internal degrees of freedom of the reaction products. In the case of the trans-3,4-dimethyl-1-pyrazoline, about 40% of the
decomposition does appear to arise from fragmentation of the vibrationally excited ground electronic state, but the §; — §q
internal conversion process is most likely a result of some recyclization of the intermediate that is formed by single C-N rup-
ture from the S; state. On photolysis at shorter wavelengths in the first singlet band, methyl substitution has little or no ef-
fect on the energy partitioned to the internal degrees of freedom of the hydrocarbon fragments, and the resulting energy dis-
tribution indicates that the 1-pyrazolines fragment by simultaneous rupture of both C--N bonds.

The photochemical decomposition of 1-pyrazoline pro-
duces vibrationally excited ground electronic state cyclopro-
panes that contain enough of the photolysis energy such
that they may undergo subsequent isomerization to olefins
unless they are collisionally deactivated by the diluent.!
Consequently, the 1-pyrazoline system offers an additional
opportunity to characterize intramolecular energy relaxa-
tion in a photofragmentation reaction of a relatively com-
plex molecule in considerable detail.? In a previous report!2
it was illustrated that the singlet state lifetime of 1-pyrazo-
line is dependent on the energy of excitation to its first sin-
glet (n — 7*) state. In addition, the amount of the energy
partitioned to the internal degrees of freedom of the cyclo-
propane fragment depended on the excitation energy in
such a fashion as to indicate that the dynamics of the disso-
ciation process is wavelength dependent.

We have now extended this work to include characteriza-
tion of the energy dependence of the nonradiative lifetimes
and the energy partitioning of 4-methyl-1-pyrazoline
(4MPZ) and trans-3,4-dimethyl-1-pyrazoline (TDMPZ).
The measurements were carried out to ascertain the effect
of added vibrational degrees of freedom remote from the
chromophore on these quantities and, in addition, to eluci-
date the electronic state from which pyrazolines actually
dissociate when excited near the onset of absorption to their
first singlet state. The results also illustrate that energy par-
titioning measurements can yield insight about the mecha-
nistic details of photofragmentation reactions. They also
provide an additional example of a system in which intra-
molecular vibrational energy relaxation of highly excited
ground state polyatomic molecules is on a time scale shorter
than 107'% to 10~} sec.

In order to make comparisons of the internal energy dis-
tribution functions of the vibrationally excited cyclopro-
panes formed on photolysis of 1-pyrazoline (PZ), 4MPZ,
and TDMPZ, the measurements were carried out under

N=N N=N N=N

PZ 4MPZ TDMPZ

identical conditions of diluent deactivating collider (cyclo-
hexane) and excitation radiation wavelength distribution.
In addition, energy partitioning subsequent to 313-nm exci-

tation was characterized at sufficiently low pressures such
that collisional perturbations of the initially prepared state
of the electronically excited pyrazoline were negligible.
Consequently, some of the previous measurements with 1-
pyrazoline'® and 4-methyl-1-pyrazoline'® were redeter-
mined under conditions appropriate for comparison with
the results contained in this report.

Experimental Section

Materials. The preparation of 1-pyrazoline and 4-methyl-1-py-
razoline have been described.? The trans-3,4-dimethyl-1-pyrazo-
line was prepared by the method described by Crawford and Ali.4
The azo compounds were purified by GLC and stored at —78°. All
materials were handled in greaseless vacuum lines and carefully
degassed by freeze-thaw-pump cycles at 78°K. Where appropri-
ate, precautions were taken to ensure complete mixing of the reac-
tants in the fluorescence and photolysis cells.

Apparatus. Gas handling and pressure measurements were car-
ried out on the previously described equipment!2 with the excep-
tion that a Texas Instruments quartz spiral gauge was used in
place of a Pyrex spiral gauge for the pressure measurements in the
quantum yield and simple photolysis experiments. Product analy-
ses were carried out on a Hewlett-Packard Model 5750 chromato-
graph with flame ionization detection using dimethylsulfolane, sil-
ver nitrate-dibutyl phthalate, and silver nitrate-dimethylsulfolane
column combinations.

The excitation and fluorescence emission spectra were recorded
by use of the Hitachi Perkin-Elmer MPF-2A spectrophotofluori-
meter described earlier.!2 The fluorescence emission lifetime mea-
surements were measured directly by the single photon counting,
time correlation technique on the apparatus that has also been de-
scribed in detail.!25 The fluorescence and decomposition quantum
yield measurements and the simple photolysis experiments were
carried out with a 200-W Osram super pressure mercury lamp in
conjunction with a Bausch and Lomb high intensity grating mono-
chromator as the excitation source. Stray radiation in the excita-
tion beam was eliminated by use of combinations of Corning CS7-
51 and CS7-54 filters. The bandpass of the excitation source was 8
nm at 313 nm and 10 nm at 334 nm. Also mounted on the Gaert-
ner optical bench was a 0.25 m Jarrell-Ash scanning grating mono-
chromator to view fluorescence emission. An EMI 9783B photo-
multiplier tube (PMT) was used to detect emission; either a RCA
1P-28 or a RCA quartz jacketed GA-As PMT was used to monitor
excitation intensity during the experiments.

Results and Discussion

Radiative and Nonradiative Lifetimes. Nonradiative re-
laxation of the S; state of 1-pyrazoline primarily, if not ex-
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clusively, results in dissociation.'? This work contains mea-
surements of the nonradiative lifetimes (7,,) of the 1-pyra-
zoline system as a function of methyl substitution for hy-
drogen on the pyrazoline ring. The energy dependence of
Tar has been suggested to result from an increase in the dis-
sociative rate of a singlet state in addition to enhanced in-
tersystem crossing to a dissociative triplet state as the ener-
gy of excitation is increased in the first singlet band.'a®
Whereas the rates of intersystem crossing to the T, state
and internal conversion to the Sg state are expected to be
energy dependent, the effect of adding vibrational degrees
of freedom by substitution of methyl for hydrogen on these
rates is less predictable.” The effect on nonradiative relaxa-
tion would depend on how methyl substitution would pert-
urb the promoting, optical, and accepting modes, the *‘ef-
fective” density of states in the lower energy manifold, and
if intramolecular vibrational energy relaxation occurs in the
initially prepared excited state.® The results from the well-
studied benzene system®® have shown that methyl substitu-
tion can have no effect on intersystem crossing rates. The
effect of methyl substitution on the rate of S; — T inter-
system crossing in acetone is more likely a result of pertur-
bations caused to the promoting mode rather than an effect
due to altering the density of states in the triplet or singlet
vibronic manifold.?®

If dissociation occurs directly from the initially excited
singlet state, the effect on the dissociative rate due to in-
creasing the vibrational complexity of the molecule will de-
pend on the relative magnitude and the nature of the cou-
pling between the excited singlet state, the dense vibrational
manifold of the ground state, and the dissociative contin-
uum.'® If the extreme of constant coupling'®® were to exist
between the initial state, manifold, and continuum, the fol-
lowing characteristics should be observed. In the limit of
weak coupling of the dense manifold of vibrational states of
the ground state to the dissociative continuum, the proba-
bilities of dissociation and emission would depend upon the
density of states in the Sp manifold; consequently, methyl
substitution for hydrogen should alter the lifetime of the ex-
cited state. Conversely, if there is strong coupling of the
dense manifold of vibrational states of the ground state to
the dissociative continuum, the relative dissociative and
radiative probabilities would be independent of the density
of vibrational states in the ground state manifold. If the op-
posite extreme, random coupling!®® between the initial
state, the manifold, and the continuum, actually existed, the
excited singlet state lifetime would always be dependent on
the density of states in the manifold, and sequential behav-
ior should be observed. Increasing the vibrational complexi-
ty of the reactant should decrease the probability of direct
dissociation and increase the probability that dissociation
from the vibrationally excited Sp state will occur. The ex-
perimental results (vide infra) indicate that near the onset
of absorption 1-pyrazolines dissociate directly from the S,
state. Consequently, interpretation of the low excitation en-
ergy lifetime data given below is likely more appropriately
carried out within the framework of the theoretical model
for dissociation!® rather than by use of the theoretical mod-
els that describe nonradiative relaxation by intersystem
crossing.” 1t is also likely that on excitation to higher ener-
gies the relaxation processes are more complex and less able
to be understood within one theoretical framework. Al-
though the data contained in this work are not of high
enough resolution to affect single vibronic excitation, the
qualitative features of the data should be appropriate for in-
terpretation.

Figure 1 illustrates the energy dependence of the fluores-
cence emission lifetimes of PZ, 4MPZ, and TDMPZ. The
PZ data'? are reproduced here for comparison. In all of the

Table I. The Emission and Nonradiative Lifetimes of trans-3,4-
Dimethyl-1-pyrazoline (TDMPZ)

Excitation
Aexs bandpass,  Pressure, Tnrd Tnp?
nm nm Torr TF, Nsec nsec nsec
345 1.6 0.015 380 529 458
337 0.3 0.015 308
337 0.2 0.030 296 398 346
334 2.4 0.035 250 307 281
323 2.4 0.035 116 128 122
316 1.6 0.015 85 91 88
337 0.3 10¢ 260 322 294

2 Assuming that the radiative lifetimes of TDMPZ and PZ are the
same and both are equal to 1350 nsec.'2 » Assuming that 7, (TDMPZ)
= 1.667.(PZ). ¢Cyclohexane is the buffer gas.

measurements, the pressure is sufficiently low that the aver-
age time between collisions is at least a factor of 4 greater
than the excited state lifetime.

In order to obtain the nonradiative lifetimes (7,,), we
measured the relative fluorescence emission quantum yields
of PZ and TDMPZ under conditions for which rr was well
documented (334 nm excitation, 7.5 + 0.1 Torr total pres-
sure, cyclohexane diluent, 7p(PZ) = 320 nsec,!2
re(TDMPZ) = 260 nsec). The result $p(TDMPZ)/
®(PZ) = 0.82 indicates that the radiative lifetimes, 7,, are
the same for these two molecules. The ratio of the radiative
lifetimes calculated from the Strickler-Berg expression!!
and the integrated absorption coefficients indicates, how-
ever, that 7(TDMPZ)/7(PZ) = 1.66. The approximate
nature of the calculation of absolute values of radiative life-
times is known, the cause of the discrepancy in the calculat-
ed relative radiative rates of isomers such as these examples
is less well understood. The experimental results for 1-pyra-
zoline do indicate that 7, is essentially independent of A« to
wavelengths as short as 316 nm.'® We have, therefore, dis-
played the data for TDMPZ in Table I using two values for
7r. In Figure 2, we illustrate the energy dependence of the
nonradiative lifetimes of the three pyrazoline systems as-
suming that their radiative lifetimes are the same and ener-
gy independent.

The results clearly indicate that in this low-pressure re-
gion the fluorescence emission lifetime and the nonradiative
lifetime of the 1-pyrazoline system is relati ely insensitive
to the vibrational complexity of the reactant on excitation
by shorter wavelengths in the first singlet band. Near the
onset of absorption to the first singlet TDMPZ appears to
exhibit a longer nonradiative lifetime than does PZ. At first
glance, the results might indicate that increased vibrational
complexity is actually increasing r,,, opposite to the effect
predicted by the model proposed by Rice and coworkers.1¢
However, an alternate explanation is possible. It is likely
that the excited state equilibrium geometry of 1-pyrazol-
ine'? differs somewhat from that of its ground state. The
onset of the absorption spectrum of TDMPZ!? is red shifted
from that of PZ by ~10 nm, presumably because of hot
band transitions. lt is therefore possible that on excitation
in the low energy end of the spectrum a significantly greater
proportion of the TDMPZ contain less vibrational energy in
their excited singlet state than they would if they were in
thermal equilibrium with the bath; whereas, for PZ, the op-
posite is certainly true.! This becomes more plausible in
view of the fact that the nonradiative lifetime of PZ excited
near its onset of absorption, 333 nm, and at high enough
pressures such that the collisional relaxation time with the
bath molecules is much shorter than its excited state life-
time, is 400 nsec,'? whereas under similar circumstances .y,
of TDMPZ is ~300 nsec (Table I). Under these conditions,
the excited state of PZ is coming into thermal equilibrium
with the bath molecules by losing internal vibrational ener-
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Figure 1. The measured fluorescence decay lifetimes of PZ, 4MPZ,
and TDMPZ. The data for PZ from ref la are reproduced here for
comparison.
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Figure 2. The nonradiative lifetimes of PZ. 4MPZ, and TDMPZ.

gy, and 7y, increases, whereas TDMPZ gains internal ener-
gy and 7y, decreases.

The results then indicate that increasing the vibrational
complexity of the reactant does not effectively alter the
nonradiative lifetime of the excited singlet state in this sys-
tem. In the formulation of Rice and coworkers!® this would
imply that either the dense manifold of states belonging to
the ground state is strongly coupled to the dissociation con-
tinuum, or that all vibrational modes of the ground state
should not be considered as contributing to the effective
density of states. Since intermolecular energy exchange
with the bath molecules has the same effect on lifetimes as
does changing the wavelength of excitation, when working
near the onset of absorption to the first singlet, the results
do indicate that intramolecular energy relaxation occurs in
the excited state prior to fragmentation or emission.

Identification of the State(s) from Which Decomposition
Occurs. Although product composition studies® indicate
that the decreases in 7, at higher energies of excitation in
the first singlet band of the l-pyrazoline system could be
due to enhanced intersystem crossing and dissociation from
a triplet state, little information is available that will identi-
fy the electronic state(s) from which decomposition occurs
when these systems are excited near the onset of absorption.
RRKM calculations'? on the lifetimes of PZ, 4MPZ, and
TDMPZ at energies isoenergetic with the S; state indicate
that if S| — Sy internal conversion occurs prior to fragmen-
tation only the dimethyl isomer would be sufficiently long
lived such that its decomposition could be pressure
quenched by easily accessible pressures.'® Figure 3 illus-
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Figure 3. The pressure dependence of the relative fluorescence quan-
tum vields (A) and the relative decomposition quantum yields (O) re-
sulting from 334-nm excitation of TDMPZ. Ethane, and for a few ex-
periments propane, was used as the pressurizing gas. The absolute
magnitude of ®ris 0.2 at 7.5 Torr.
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Figure 4, The pressure dependence of the product composition resulting
from 334-nm photolysis of TDMPZ. At pressures 2100 Torr ethane
was used as a pressurizing gas. The lowest pressure for which product
compositions are illustrated here is ~1 Torr.

trates the pressure dependence of the decomposition and
fluorescence quantum yields of TDMPZ produced on 334-
nm excitation of the reactant.

The decomposition quantum yield does decrease by 40%
in a pressure region that is consistent with collisional deacti-
vation of a vibrationally excited ground state TDMPZ (kg
at 90 kcal mol~! for TDMPZ is 4 X 10% sec™!).'4 The pres-
sure independence of the decomposition quantum yield in
the 1000 to 3500 Torr region illustrates that at least 60% of
the decomposition is derived directly from an excited elec-
tronic state.

The product ratios produced by 334 nm photolysis of
TDMPZ are, except at low enough pressures such that the
vibrationally excited dimethylcyclopropanes isomerize, es-
sentially pressure independent over this entire range (Fig-
ure 4). Moreover, in the pressure region in which any triplet
biradicals, if formed, should be collisionally deactivated by
the bath molecules, their characteristic stereochemistry and
product composition is not observed.!>!5-'7 The product
compositions® (Table 1I) and the energy partitioning ob-
served on photolysis of 1-pyrazolines are relatively sensitive
functions of excitation energy to the first singlet state. Since
pressure quenching of 40% of the decomposition quantum
yield of TDMPZ results in no change in product composi-
tion, the products formed on long wavelength photolysis evi-
dently result from a single mechanism. It seems at this
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point that when the effects of vibrational frequency com-
plexity on lifetimes, the product composition data, and the
energy paritioning results (see below) are considered, the
most consistent explanation of how nitrogen loss occurs is
that when they are excited by wavelengths of radiation near
the onset of absorption to the S| state, 1-pyrazolines, in ad-
dition to undergoing fluorescence emission, dissociate from
the S, state by rupture of a single C-N bond to form an in-
termediate which can competitively fragment to hydrocar-
bon products, or recyclize to form a vibrationally excited
ground electronic state 1-pyrazoline that is isoenergetic
with the initially prepared S; state.

Direct dissociation from the S, state evidently also occurs
when the bicyclic azo compound 2,3-diazabicyclo-
[2.2.1]hept-2-ene is photolyzed in the gas phase,'8a but
nonradiative relaxation to a lower electronic state occurs
prior to fragmentation when an azo compound with a less
rigid ring structure, 2,3-diazabicyclo[2.2.2]oct-2-ene, is
photolyzed.'#®

It should also be noted that the mechanism proposed here
for S| — Sy internal conversion is very much like the mech-
anism that occurs in cyclobutanone photolysis:'® that is,
simple bond rupture in the excited state, and reformation of
the bond to produce a vibrationally excited ground state
reactant.

Less explicable at this time is the pressure dependence of
the emission quantum yield of TDMPZ (Figure 3). Over
this pressure range, the fluorescence quantum yield of
4MPZ is diminished by a factor of only 1.3. The emission
quantum yield of TDMPZ does decrease in the same pres-
sure range as does its decomposition quantum yield. A pos-
sible explanation is that a sufficiently high collision rate of
the bath molecules with the excited state will induce inter-
nal conversion to the ground state which in turn is vibra-
tionally deactivated. Pressure-induced dissociation has been
previously proposed to occur in the photolysis of cyclic azo
compounds.'8

Intramolecular Molecular Energy Relaxation in the Frag-
mentation Reaction, The kinetic schemes describing the cal-
culation of the experimental rate constant for the structural
isomerization of the vibrationally excited cyclopropane and
methylcyclopropane formed on photolysis of PZ'*> and
4MPZ,'¢ respectively, have been described. Moreover, for
these systems the relationship between the experimental
rate constant and the respective energy dependent micro-
scopic unimolecular rate constants calculated from RRKM
theory and an appropriate distribution function describing
the range of internal energies of the initially formed cyclo-
propanes has also been illustrated.'

For the photolysis of TDMPZ the following scheme is
appropriate to use for calculating the experimental rate
constants for structural isomerization of the vibrationally
excited dimethylcyclopropanes (DMCP#*) formed in the
primary photofragmentation reaction of excited TDMPZ
(Scheme 1). The rate, w, is the rate of collisional vibrational

Scheme 1
TDMPZ

I
2-methybutene-l1 + N,

k k,
trans- ‘+?<—’—TDMPZ+——-‘->{
rans-butene-2 2-methybutene-2 + N,

[

w " cis-pentene-2
DMCP <% DCMP* + N, {

trans-pentene-2
’ kp T

deactivation of DMCP#* by the bath molecules (cyclohex-
ane for all experiments contained in this work). Because of

Table II.  The Primary Product Compositions Resulting from
Pyrazoline Photolysis?
Excitation, Propylene Ethylene
nm Cyclopropane Propylene + cyclopropane
PZ 334 0.30 + 0.10% 0.030 + 0.008
313 0.19 = 0.05¢ 0.22 = 0.059
Isobutene? Propylene
Methylcyclopropane Total C, products
4MPZ 334 0.56 = 0.04 0.039 + 0.004
313 0.12 = 0.03 0.13 £ 0.01
2-Methylbutene-1 + 2-
methylbutene-2 trans-Butene-2
Dimethylcyclopropane Total C; products
TDMPZ 334 0.51 = 0.03 0.027 + 0.010
313 0.35 = 0.02b 0.066 + 0.005

2The uncertainties tabulated are standard deviations of repetitive
measurements or estimates of errors in extrapolation to high pres-
sures. ® Measurements obtained by extrapolation of experimental
measurements to high pressures where no cyclopropane structural
isomerization occurs. ¢See ref 1b. ¢ Data from M.A. Thesis of A.
Squillace, California State University, Fullerton. € See ref le for
method of calculation using experimental product ratio.

the ambiguity in interpretation, we have omitted from con-
sideration the geometric isomerization of the cis- and
trans-DMCP#* isomers. The experimental rate constants
can then be calculated from

{[2- methylbutene-2] +
{2- methylbutene-1]}/[DMCP] - (%,/%5)

fy = w 1+ (/R
b = w [cis-pentene-2] + [{rans-pentene-2)
» = [DMCP]

The rate constant ratios, k,/k,, are obtained by either di-
rect measurement or extrapolation to sufficiently high pres-
sures such that there is no cyclopropane isomerization
(Table II).

The relationship between the experimental rate constants
and their respective microscopic rate constants at energy F
are

Bg®
Ry = w;k}’:b + kg” wf(E)
P e ()
5 Re® t Ryt w
kg’ >
b = wZEkEb+ kg® + waE)
» w A

;W.f@)

where f(E) describes the distribution of internal energies of
DMCP* formed in the primary process. The frequency as-
signments and critical energies used in calculating the vari-
ous energy dependent unimolecular rate constants,'®'# kg,
were those parameters that were previously used in inter-
preting the chemical activation systems.?C

Both Gaussian and statistical distribution func-
tions!2d.2ad.21 have been used in characterizing f(£) in en-
ergy partitioning experiments. The origin of the frequency
assignments of the critical configurations used in calculat-
ing the sum and density of states terms in the statistical dis-
tribution function expression is contained in ref 14. The sta-
tistical distribution function is relatively insensitive to the
details of the frequency assignments. The total energy
available to be distributed to the degrees of freedom of the
reaction products is the sum of the thermal energy of the
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Figure 5, The experimental rate constants for the structural isomeriza-
tion of cyclopropane to propylene that result from 334-nm photolysis of
PZ. The solid line is a calculated curve using a statistical model for in-
tramolecular energy relaxation (total available energy = 118.6 kcal
mol™1); (- - -) a calculated curve using a Gaussian distibution function
for f(E) with Emp = 89 kcal mol™ and ¢ = 12 keal mol™L; (---) a
calculated curve also using a Gaussian for f(£) but with £, = 93 kcal
mol~land ¢ = 12 kcal mol™!.
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Figure 6. The experimental rate constants for the structural isormeriza-
tion of methylcyclopropane formed on 334-nm photolysis of 4MPZ.
The solid line is a calculated curve using a statistical model for intra-
molecular energy relaxation (total available energy = 119.3 kcal
mol™1): (- - -) calculated curves using a Gaussian distribution function
for f(E) with Eyp = 91 kecal mol=! and ¢ = 12 kcal mol™' (bottom),
and Emp = 99 kcal mol™! and ¢ = 12 kcal mol~! (top); (- - -) a calcu-
lated curve using a Gaussian with Emp = 95 kcal mol™! and 6 = 12
kcal mol™!,

reactant, the absorbed light energy, and the exothermicity
of the reaction of 0°K (taken to be 30 kcal mol~! for all of
these systems?2?),

Since statistical intramolecular energy relaxation to all of
the internal degrees of freedom of the hydrocarbon frag-
ment appears to be the appropriate model for f(F) when 1-
pyrazolines are photolyzed by 334-nm radiation, the col-
lisional deactivation rate, w, for the data illustrated in Fig-
ures 5, 6, and 7 has been calculated assuming that there is
statistical energy relaxation along the reaction coordinate
which is partitioned to relative translation of the separating
fragments.?? This amounts to a 20 to 25% increase of w over
that value calculated assuming both collision partners have
a thermal distribution of kinetic energies at the reaction
temperature (296°K).
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Figure 7. The experimental rate constants for the structural isomeriza-
tion of dimethylcyclopropane to 2-methyl-2-butene and 2-methyl-1-
butene that result from 334-nm photolysis of TDMPZ. The solid line is
a calculated curve using a statistical model for intramolecular energy
relaxation (total available energy = 120.1 kcal mol™1); (- - -) is a cal-
culated curve using a Gaussian for f(E) with Emp = 99 kcal mol™! and
o= 12keal; (- - =) Emp = 95 kcal mol~!and s = 12 kcal mol™!.

Table I1I. The Internal Vibrational Energy Content of the
Cyclopropane Fragments Produced on 334-nm Photolysis of
1-Pyrazolines

System Emp® od Emp(RRKM)?
PZ 89 12 91
4MPZ 95 12 98
TDMPZ 99 12 103

4 The most probable energy, Emp, and the dispersion, o, of the
Gaussian distribution function that best fits the experimental data
(units are kcal mol™'). » The most probable energy of the statistical
distribution function assuming that the sum of the reactant thermal
energy, absorbed light energy, and exothermicity (0°K) are available
for random relaxation.

The data illustrated in Figures 5, 6, and 7, and summa-
rized in Table II1, clearly illustrate that methyl group sub-
stitution at a site removed from the reaction center in-
creased the amount of energy in the hydrocarbon fragment
by essentially the amount predicted by a statistical model
for intramolecular energy relaxation during fragmentation.
Moreover, a statistical model in which all of the available
energy is randomly distributed (thermal energy + light en-
ergy + exothermicity at 0°K) actually fits the experimental
data well enough to allow one to conclude that this is the
appropriate model for describing the long wavelength pho-
tolysis of 1-pyrazolines

The results are that although near the onset of absorption
l-pyrazolines undergo fragmentation predominantly from
the S; (n — w*) excited electronic state, all of the available
energy is randomly distributed to the degrees of freedom of
the reaction products. This implies that the electronic exci-
tation energy is converted to vibrational energy of an inter-
mediate that lives sufficiently long such that there can be
random intramolecular energy relaxation before separation
of the nitrogen and hydrocarbon fragments. It is likely that
the lifetime of the vibrationally excited intermediate is no
longer than ~10~!! sec since added pressures of ethane of
up to 3500 Torr have no effect on the product composition
derived from TDMPZ photolysis (Figure 4). These results
are then an additional illustration of the applicability of the
RRKM postulate of energy randomization to very short
lived species.?>24

Figure 8 illustrates the results for 313-nm photolysis of
TDMPZ. We have carried out the energy partitioning mea-

Dorer, Pfeiffer /| Photodissociation of 1-Pyrazolines



3584

——
-——

/ e —
10— / VA Q ]
Ta® 5 ©
-~
J ! | ! 1L 1

5.0 100 15.0

w x 1075 1sec™ !t

Figure 8. The experimental rate constants, &, (A) and, kp (O), that re-
sult from 313-nm photolysis of TDMPZ. The broken and solid curves
are calculated curves for k, and ky, respectively, using a Gaussian dis-
tribution function for f(E). The lower lines have the parameters of Emp
= 78 kcal mol~1and ¢ = 12 kcal mol~!, and the upper lines are using
the parameters Emp = 84 kcal mol~!and ¢ = 12 kcal mol™~!.

surements for this system, and we have redetermined the
313-nm energy partitioning results for PZ and 4MPZ
under the same conditions of excitation wavelengths and
collisional deactivating bath molecules as used for TDMPZ,
Moreover, the 313-nm measurements have been done at
sufficiently low pressures for all three systems such that the
collision rate of the excited state pyrazoline is no greater
than ~0.5 of the decay rate of the excited state. We are
therefore observing energy partitioning on fragmentation of
the 1-pyrazoline prior to collisional perturbation of its excit-
ed state by the bath molecules. The results summarized in
Table 1V indicate that there is nonrandom intramolecular
energy relaxation on photolysis of 1-pyrazolines by shorter
wavelengths, and methyl substitution has little or no effect
on the product energy distribution. The mechanism of frag-
mentation at shorter wavelengths of excitation is considera-
bly changed from the mechanism that is operative at lower
energies of excitation to the S; state.

Mechanistic Implications. The mechanism of 1-pyrazo-
line photolysis has been a subject of considerable
study.!7?5:26 The experimental evidence?S suggests that
there may be at least two competitive pathways by which
cyclopropanes are formed in these systems. One proposed
mechanism is that there is simultaneous rupture of both
C-N bonds to form a trimethylene biradical intermediate
and nitrogen.!” Another explanation of the mechanism is
that there is sequential C-N bond rupture, which after rup-
ture of the second C-N bond results in formation of a bira-
dical intermediate and nitrogen. Studies with bicyclic pyra-
zolines support the sequential C-N bond rupturing mecha-
nism.2>2¢ In those systems, there is evidence that subse-
quent to initial rupture of a single C-N bond there is also
formation of a diazoalkene which decomposes to nitrogen
and a carbene.? In thermolysis, pyrazolines, as well as acy-
clic azo compounds,?’ are also believed to fragment in a
stepwise fashion.?8

Consideration of the geometric changes that must occur
when 1-pyrazolines?® fragment to cyclopropanes and nitro-
gen®? indicates that simultaneous rupture of both C-N
bonds should result in a considerable amount of the avail-
able energy being partitioned to the nitrogen vibration
mode (20-60 kcal mol~!, depending on the N-N bond
length as the nitrogen and hydrocarbon fragments sepa-
rate). Photolysis near the onset of absorption to the first sin-

Table IV, The Internal Vibrational Energy Content of the
Cyclopropane Fragments Produced on 313-nm Radiation of
1-Pyrazolines?

System Emp o] Emp(RRKM)
PZ 78 12 95
4MPZ <82 12 103
TDMPZ 78 12 108

4See footnotes to Table I11.

glet state results in a random distribution of the available
energy to the degrees of freedom of the reaction products. It
appears that when excited to lower energies in the first sin-
glet state |-pyrazolines decompose by first rupturing a sin-
gle C-N bond, thereby allowing relaxation of the N-N
bond while the fragments are still intact. The pressure de-
pendent decomposition quantum yields of TDMPZ indicate
that the intermediate formed subsequent to breaking a sin-
gle C-N bond can also recyclize to some extent to form a
vibrationally excited ground state pyrazoline.

Excitation at shorter wavelengths, where 7¢ is becoming
short and the decomposition quantum is approaching unity,
results in nonrandom energy relaxation to the reaction
products. Less energy appears in the hydrocarbon fragment,
and the internal energy distribution function is independent
of methyl substitution on the ring. It is of interest to note
that vinyl substitution on the ring'? also does not affect the
product energy distribution to any degree that might indi-
cate a mechanistic change in fragmentation, or any effect of
added degrees of freedom on intramolecular energy relaxa-
tion. That there is a large difference between the total avail-
able energy and the energy that appears in the internal de-
grees of freedom of the hydrocarbon fragment, 47 kcal
mol~!, is likely a result of nitrogen being produced with a
large amount of vibrational energy. The most plausible ex-
planation is that when excited to higher energies in the first
singlet state 1-pyrazolines undergo fragmentation by simul-
taneous C-N bond rupture on a time scale short relative to
the rate of intramolecular vibrational energy relaxation.
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Solution and Complexing Studies. I. Gas-Liquid
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Abstract: GLC measurement of the infinite dilution liquid-gas partition coefficients (Kr) of chloroform, 1,2-dichlorethane,
benzene, toluene, ethylbenzene, and the three xylenes in each of the electron acceptor (A)/inert solvent (S) systems, di-~-
octyl ether/n-heptadecane and di-n-butyl tetrachlorophthalate/squalane over the whole range x4 = 0-1 reveals that plots of
Ky against molarity (Ca) or volume fraction (¢) of A are strictly linear. Thus Kr = ¢aKr(a)® + ¢sKr(s)® where a K0 desig-
nates a liquid-gas partition coefficient for a solute at infinite dilution in either pure A or S. Since the conventional GLC
equatlon for the stability constant (equlllbrlum quotient) of a 1:1 complex (K1) is Kr = Kr¢s)°(1 + K1Ca), it follows that

= Va(Kra)® - Kr($)°)/KR(s)® where ¥V a is the molar volume of A. It is possible through this equation to calculate nom-
mal stability constants from data relating solely to pure A and S. The remarkable generality of this observation is demon-
strated by comparison of calculated and published data for more than seventy charge-transfer or hydrogen-bonding systems
described in the literature. The general equation described above can be derived on the basis of any model of solution in
which A and S do not interact. Thus, for example, they can be immiscible, or ideal, or nonideal provided the interaction of a
solute with A in S is the same as in pure A. Since there is spectroscopic evidence of interaction of the solutes used with both
pure A components and, further, none of the solutes provide ideal solutions in either the A or S components used, it is sug-
gested that in the solvent mixtures used there is a high degree of aggregation such that on dilution of A by S the local con-
centration of A is still that of the pure liquid. Whatever the explanation, it is clear that the conventional dilution approach to
determination of stability constants, at least in systems such as these, does not provide a meaningful measurement of Kj.
Further, the solvent systems used show such conformity of behavior, which we are unable to describe on the basis of existing
theories, that a re-evaluation of theory is indicated.

Evidence for the existence of weak molecular complexes
can be derived inferentially via studies based on a variety of
techniques, but quantitative evaluation of the associated
stability (formation) constants or, more correctly, equilibri-
um quotients, almost always involves the use of partition or
spectroscopic (uv-visible or NMR) data deriving from ex-
periments involving variation of component concentrations.
More than 10 years ago the formal analogy between the
classical partition method and an alternative GLC ap-
proach was pointed out and placed on a quantitative ba-
sis!-3 and shortly afterwards* a general theory of the GLC

approach to complexing studies was developed. These ob-
servations catalyzed interest in the GLC method since
among its numerous practical advantages* it is ideally suit-
ed for nonaqueous systems, and weak complexing largely
involves organic systems of very limited aqueous solubility.

With few exceptions, GLC studies have been concentrat-
ed on reactions of the type

K 9
5

D(1)
AD(1)

D(g)
D(1) + A(l) ==

Purnell, Vargas de Andrade /| GLC Investigation of Supposed Complexing Systems



