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Conformational Isomerization®
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The energy thresholds to isomerization of the three conformational isomensdofinylbenzene ¢is—cis,
cis—trans andtrans—trans) were directly measured by stimulated emission pumpipgpulation transfer
(SEP-PT) spectroscopy. The experimentally determined isomerization thresholds,ascc — ct, t) =
1080-1232 cnT?, Epres{tt — ct, cQ = 1130-1175 cm?, Egres{Ct — cC) = 997—1175 cn?, and Egres{Ct

— tt) = 997—-1232 cm’. On the basis of the threshold values for-XY and Y — X isomerization, the
relative energies of the conformational isomers-af®2 < E(ct) < +178 cnt! and—102 < E(cc) < +95

cm ! relative toE(tt) = 0. UV-hole-filling (UVHF) spectroscopy was also used to determine the effect of
population returning to the ground state via fluorescence. A full set of governing equations foeP$ERd

UVHF spectroscopy is reported that will be generally useful for future studies using these methods. By
comparison of these results with the computed stationary points on a calculated surface (DFT B3LYP/6-
31+G*), the isomerization pathway was determined to involve sequential isomerization of each vinyl group
rather than concerted motion. The energy thresholds were also combined with the ground state torsional
vibrational energy levels to obtain a new fitted two-dimensional torsional potentiah®\B.

I. Introduction [
In the preceding papkthe ultraviolet spectroscopy of the /\m

three conformers afr-divinylbenzene fiDVB) (Figure 1) was |si‘m» o . i

explored. The low-frequency regions of the—%, spectra
exhibited vibronic structure due to the torsional degrees of
freedom of the two vinyl groups, presenting a model system in
which to explore the degree to which this structure could be
used to determine the barrier heights and shape of the two-
dimensional torsional potential energy surface. The computed
relaxed torsional potential energy surface (DFT B3LYP/6-
31+G*) is reproduced here (Figure 1) for easy reference in what
follows. The barriers to isomerization of a single vinyl group
extracted from this fitting procedure showed a strong correlation
between the key fitting parameters, especiM;lyvgz, andVg,
leading to a range of parameters with barrier heights for
isomerization that varied from 500 to 1400 cFurthermore, Pl el

the relative energies of the minima were not determined with Figure 1. Relaxed potential energy surface calculated at the DFT/

any accuracy by t_he experimental tor_S|0naI level data, which B3LYP//6-314+G* level of theory at a 4step size. The relative energies
did not reach up into the energy region near the tops of the 4f the minima and transition states are the ZPE-corrected values.
barriers where the relative energies of the wells would begin to
play a role. Thus, it was clear from this fitting that aspects of 4t DvB by direct measurement using stimulated emission
the two-dimensional torsional potential were difficult to pin pumping-population transfer spectroscopy (SEPT)2-7 The
down with any accuracy from the low-lying torsional levels |\ othod shares some features in common with the-SEEP!
alone. methods used by Leutwyler and co-workers to measure the
On the basis of the results and analysis in the preceding hinding energies of complex&4.In the present context, SEP
paper; there is a clear need for an alternative measurement ofjs ysed to initiate conformational isomerization in a single
the energy barriers to isomerization. We therefore decided to conformational isomer beginning with a well-defined but tunable
carry out a second study to determine the lowest-energy internal energy. As we shall see, the method asks and answers
isomerization thresholds between all six reactgmbduct pairs 3 simple “yes/no” question regarding the isomerization, signaling
with the first appearance of population in the product that the
TPart of the special issue “James A. Miller Festschrift”. threshold to isomerization to form that product has been
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Figure 2. Energy level, spatial, and timing diagrams for (a) UVHB, (b) UVHF, (c) SEP, and (d)-$HPspectroscopy.

the torsional potential energy surface in the regions near the All experiments were carried out in the same LIF chamber
minima (as the vibronic spectroscopy can). Because the vinyl used in the preceding papeiThe supersonic free jet was
“appendages” and phenyl “body” ofDVB bear some resem-  produced by pulsed expansion (general valve, series 9) through
blance to a human’s upper torso (Figure 1), we refer to the laser-a 1.2 mm diameter nozzle orificelDVB was entrained in the
initiated conformational isomerization as “flexing the muscles” expansion by flowing helium (7 bar) over a reservoir of the

of mDVB. liquid held at room temperature. The doubled outputs of three
The present study also addresses the pathway for isomerizaiNd:YAG-pumped dye lasers operating in the 3B35 nm
tion. The measured threshold foc < tt isomerization will region were used as the excitation sources, each w@&ms

indicate whether the preferred pathway is sequential (occurring pulse duration. All the methods measure the fractional popula-
by flexing one vinyl appendage at a time) or concerted (flexing tion change in the signal due to one laser induced by another
both simultaneously). In the former case, the isomerization laser or lasers. This was accomplished either using the active
pathway would involve motion along one torsional coordinate baseline subtraction mode of the gated integrator or via a
and then the other, skirting around the periphery of the torsional LabView program that recorded the difference in software.
surface (Figure 1). In doing so, the nuclear motion would involve |} 1. UVHB Spectroscopy. UVHB spectroscopy was de-
traversing two barriers in the 106A300 cni* range in which  scribed in the preceding article, where resonant two-photon
first one vinyl group is rotated perpendicular to the phenyl ring jonization was used in the detection step.the present work,
and then the other. In the case of a concerted pathway, motionyyHB spectra were recorded under similar conditions to the
would occur along the diagonal or antidiagonal to saddle points poe-filling experiments for comparison with them, using laser-

of approximately twice the height. induced fluorescence (LIF) in the probe step. For this purpose,
. . . the doubled output of a Nd:YAG-pumped, tunable dye laser
Il. Experimental Methods and Intensity Equations (hereafter called the “pump” laser) operating at 10 Hz was fixed

The primary spectroscopic tool used in the present study ison the 0— j vibronic transition of a particular isomer,
the triple resonance method of stimulated emission pumping- intersecting the supersonic free jet 10 nozzle diameters down-
population transfer (SEPPT) spectroscopy.’ However, the stream from the nozzle orifice (i.eD ~ 10,D = 1.2 mm
method has a close and obvious connection with other double-diameter). The power of this pump laser(d.3 mJ/pulse at 10
resonance methods that employ two of the three lasers used irHz) was sufficient to partially saturate the transition on which
the SEP-PT experiment. A quantitative understanding of the it is fixed, thereby burning a “hole” in the ground state
intensities in the SEPPT spectrum therefore benefits from population. A second probe laser@.05 mJ/pulse at 20 Hz)
consideration of the two-laser experiments on which it is built. interrogated the same moleculegglater atx/D ~ 14. UVHB
In this section, we introduce the double resonance methods ofspectra were recorded by tuning the probe laser throughithe S
UV holeburning (UVHB)® UV hole-filling (UVHF), and — S vibronic transitions of interest. When the probe laser was
stimulated emission pumping (SEP)nd develop intensity  resonant with a transition that shared the same ground state level
expressions for SEPPT that involve these contributions. We  as the transition on which the pump laser was fixed, the ground
develop these equations here because they provide a deepestate population was partially depleted by the pump laser,
understanding of the observed changes in intensity with internal leading to a smaller probe laser signal. The difference between
energy observed in the SEIPT scans. To assist the discussion, the LIF signal with and without the pump laser present was
an energy level and spatial diagram that summarizes the methodsnonitored. When normalized to the total LIF signal of the probe
is shown in Figure 2. laser at that frequency, the intensity of a transition in the UVHB
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spectrum, 1""®(¥%y), measures the fractional depletion in
population of the zero-point level of conformer A caused by
the pump laser:

AN :B(iprobe)

| HB
A
N,

)

(’701" 17probe) =

Since ANR® < 0, 15® is a negative quantity. A gating circuit
was used to turn on the photomultiplier tube (PMT) after the
pump laser fired to prevent saturation of the PMT.

I1.2. SEP SpectroscopyStimulated emission pumping (SEP)
spectra of each conformer (Figure 2c) were recorded by fixing
the wavelength of a UV laser (pump laser,0.05-0.2 mJ/
pulse, 20 Hz) on the 6~ j vibronic transition of a particular

conformer (e.g., conformer A) and tuning a second high powered

UV laser (dump lasery~0.4—1.0 mJ/pulse, 10 Hz) over a
wavelength range where transitions frgplback down to
vibrational levelgkin the ground state could be interrogated.

The timing delay between the pump and dump lasers was kept

short (5-20 ns) relative to the excited state lifetime of the
molecule ¢(S; origin) ~ 80 ns). When the dump laser frequency
Vjk was resonant with an SEP transition frgiito |k[Jthe dump

laser partially depleted the excited state population, causing a

decrease in the total fluorescence decay signal. This depletio
was monitored with a gated integrator in active baseline
subtraction, with the gate fixed on the trailing edge of the

fluorescence decay curve. When normalized to the total

fluorescence signal, the intensity of a transition in the SEP
spectrum |35 (#), measures the fraction of the excited state
population injjCthat is transferred by the dump laser to ground
state levelkOand is a negative quantity.

11.3. UVHF Spectroscopy. UV hole-filling spectroscopy
(UVHF) employs a similar configuration to UVHB, except that
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F
e O s DA O (F—B) fls  (2b)

After normalization to the probe signal in the absence of the
pump laser, the intensity of a UVHF transition can be equated
with the fractional change in population of reactant “A” or
product “B” caused by the pump laser under hole-filling
conditions. The minus sign in front of eq 2b is needed because
the UVHF signal in the product channel is a gain signal
while UVHB intensity is negative. In these equations, we
have explicitly included a reminder that the UVHB intensity,
I,'iB'“p(Tzoj), must be recorded under the “upstream” conditions
appropriate for the UVHF spectruiifia andFg are the fractional
populations of the reactant and product conformers in the
absence of any laser excitation. The rata/Fg) then corrects

for the fact that the UVHF signal is a fractional change in the
population of conformer B, recognizing that this fractional
change will depend on whether the excited conformer A has a
large or small fractional abundance to begin with.

II.4. SEP—PT Spectroscopy Stimulated emission pumping-
population transfer spectroscopy (SEPT, Figure 2d5~7 was
used to determine the energy thresholds for isomerization of
the six reactantproduct pairs oimDVB (cc < tt, ct < tt, and
cc<> ct). SEP-PT employs hole-filling conditions (Figure 2d),

Mwith pump and dump lasers spatially overlapped/at ~ 2,

andAt;, = 5—20 ns. As in SEP, the pump laser was fixed on
the S — S origin transition of the reactant conformer (e.qg.,
conformer A) and the dump laser was tuned through the SEP
spectrum. In SEPPT, the probe laser beam was spatially
separated from pump and dump by B mm and delayed by
Atz ~ 2 us, a time sufficient for SEP excited molecules to
traverse the distance between the laser beams. The probe laser
had its wavelength fixed on an S- S origin transition of the
conformer of choice (e.g., conformer B).

the nozzle position was moved relative to the pump and probe  The gifierence signal recorded by SEPT spectroscopy is

lasers (Figure 2b) into “hole-filling” conditions. These conditions
comprise a “cootexcite-cool—probe” experimental protocol
that has been used in a number of previous studies
Initial cooling of the conformer population occurred prior to
pump laser excitation a/D ~ 2. In UVHF, the pump laser
was fixed on the 6~ j vibronic transition of one conformer, as
in UVHB. Following excitation, a fraction of the population

can return to the ground state via fluorescence or nonradiative
processes. Under many circumstances, the fluorescence quantu
yield is small, and the molecules returning to the ground state
via nonradiative processes cannot be cooled sufficiently to be
returned to the zero-point level probed by the probe laser. Then

the UVHF intensities will equal those in UVHB.

On the other hand, if the fluorescence quantum yield is large

and/or the collisional cooling of highly internally excited

molecules created by nonradiative pathways is efficient, then a

fraction of the excited population could be cooled back into
the reactant zero-point level°% or, after isomerization, be
cooled into the zero-point level of product conformer B

(f'2°°%) In the former case, this returning population partially

fills in the population hole created by the pump laser, accounting
for the method’s name. The probe laser is then tuned through

the transitions of interest while the difference in probe signal
induced by the pump laser was recorded, as in UVHB.

The intensity of a transition in the UVHF spectrum depends
on whether the reactant “A” (eq 2a) or the product “B” (eq 2b)
is monitored with the probe laser:

L (Poropd = > P(g) [1 — £ e (2a)

the difference in probe laser signal between that with both pump
and dump lasers present and that with pump alone:

AIDFObe(SEP_PT) = Iprobe(pump+ dump)_
Iprobe(pump Only) (3)

This is accomplished by pulsing the pump and probe lasers at

r%o Hz and the dump laser at 10 Hz so that the dump laser is

only present every other probe laser pulse. When the pump laser
alone is present, the probe signal is modified by the action of
the pump laser on the probed conformer population. This is
equivalent to the “pump on” signal in a UVHF spectrum.

When both the pump and dump lasers are present, the dump
laser transfers a fraction of the excited population back to a
particular ground state energy le\ig] and it is this population
that we seek to detect following its isomerization and recooling.
At the same time, the dump laser also decreases the excited
state population, thereby decreasing the fractional population
that returns to the ground state from A* Hg= fe<° for
reactant A and byRa/Fg)I5F fies° for product B.

On the basis of these considerations, intensity equations for
SEP-PT have been developed that explicitly include the
competition between the SEP and “pump only” pathways for
returning to the ground state. As previously, we consider a series
of SEP-PT spectra in which (i) the 20 Hz pump laser is fixed
on transition 0— j of conformer A (the “reactant”), (ii) the 10
Hz SEP dump laser is tuned through a serigs-ofk transitions
back to the ground state of A with energigg and (iii) the 20
Hz probe laser is fixed on the;S— S origin transition of a
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reactant (A) or product (B) conformer. The equations governing face of the pulsed valve. Equations 6a and 6b are quite general

the intensity of thg — k “dump” transition in the SEPPT in that they hold no matter what the size or source of the pump
spectra when monitoring reactant A (eq 2a) or product B (egs laser-induced, recooled population.
2b and 2c) are given by In its most general fornf,'5c°"'is a sum of three terms (eq 7)
SEPPT . B o SEPuD - ocoo due to fluorescence, internal conversion, and intersystem
lan () =14 p(VoJ')'l A p(ij) [Dpn(E) — Fan crossing:.
(4a)

I A xf A IC
ff;(:oo - ¢f CI)AX ¢c0|l,f + ¢IC (I)AX ¢coII,IC +

F
700 = (22100 0 () - e e 1)

f;\egot)j (4b) Thus, the population that is not removed by the SEP dump
transition divides into three subpopulations: one that is trapped
where most of the quantitites have been previously defined. In in the triplet state (on the time scale of the experiment), one in
these equations, we assume that the pump and probe lasers mov#hich the full 32 000 cm* of UV excitation energy resides in
the population independently and Sequentia”y, an assumptionhigh'lying vibrational levels in the ground state due to internal
that is met in the present case because the delay between pumponversion, and a ground state population with3000 cnrt
and dump |asers 6520 ns) |s Comparab|e to or greater than the Vibrational energy fO”OWlng ﬂuorescence to the FraﬁCk

pump pulse duration ~8 ns). The productl :Byup(;,oj). Condon active ground state levels. In eqp?, is the fluores-

. f .
| SERU(3,) can be interpreted as the fractional population trans- ¢ence quantum yield for conformer Ab,, is the product
ferred from the zero-point level of “A” to leve, by the joint ~ guantum yield for formation of X from A from the ground state
action of pump and dump lase®ax(EJ) is the isomerization population created by f_Iuorescer_u_:e, and the_ IC and ISC Iab_els
quantum yield for formation of X starting from leved in denote the corresponding quantities due to internal conversion

conformer A. The competition between SEP-induced population @nd intersystem crossing, respectivefye is the collection
change and population change initiated by the pump laser alone€fficiency for recooling to the zero-point level the subpopula-
is evident in the difference of the two terms in square brackets. tions arriving at the ground state via fluorescence, internal
For SEP transitions to levels with ener@y less than the ~ CONVersion, or intersystem crossing.

lowest isomerization threshold, all population brought to the ~ BY proper choice of cooling conditions (e.g., by varying the
ground state via the dump transition will remain in the reactant Separation between the pump and probe lasers or the collision
well “A” and be recooled to the zero-point level of A; that is, frequency at the point of pump excitation), it should be possible
®an(E) = 1 and®ax(Ex) = 0 when X= A. Equations 4a and O recool to the zero-point level the molecules reaching the

4b then become ground state via fluorescencecgis = 1), but leave the other
molecules undergoing internal conversion or intersystem cross-
I f\/EFLPT(;/jk) = :B'UP(;,OJM f\ERup(;,jk) (1 — 1% for ing with sufficient internal energy (either electronic or vibra-

tional) that their contribution to the probe laser signal is

<
By = Elowest threshold (52) negligible, as in UVHB §colisc = ¢colic = 0). In this case,

and flecol= 4 @, and the SEPPT intensity equations become
SEP-PT/~ \ _ | HB,up/~ SERup/~ A 5f
F | aa Vid = 1A " (0g) 1 2705 [@an(BEd — (@ Pan)l
|36 = (F—A) | {1 357 (— ) for J | | (82)
B
Ek < Elowest threshold (5b) SEP-PT,~

F

lae ()= (F_A) L) 354 [P ag(ED —
As a result, dump transitions to levels below the lowest energy B
threshold will show adepletionin the product channels if (qﬁf @LB)] (8b)
f lecooljs sufficiently large to be measurable.

Comparing egs 4 and 2, we see that eq 4 can be recast in [f, in addition, the fluorescence quantum yiedlﬁ is suf-

terms of UVHF intensities: ficiently small, f'2°° ~ 0, and the SEPPT intensity equa-

tions reduce to
| i,EFLPT(‘N’jk) =1 iERuP(;’jk)'[' XXHF(T/probs) +

| R2 P () (Pan(E) — 1)] (6a)

F
SEP—PT(~ SEP,up(ik). | XVHF(T/ D+ IigFLPT(T/jk) = (F_z) | :B'UP(T/OJ-)-I iERup(;}jk) D,5(E) (9b)
] pro

L an () = 1 (@) 1 227%(0,) Pan(E)  (93)

e ij)zlA B

), HB,Up(;/ ) @, (E)| (6b) In the limit that eqs 9a and 9b hold, the energy threshold for
Fg/ A 0/ *AB A — B conformational isomerization can be easily identified.
Below the A— B energy threshol&nresh Pas(Ex < Ethresy =

This form of the equations is useful in that it involves quantities 0, and thereforé 35"~ () = O; that is, there is no SEFPT
that, at least in principle, can be measured experimentally, signal in the product channel. By contrast, orf&e> Eresh
including the fractional abundances (from+RT studies},SEP, ®ps(Ex > Emres) > 0, andl 55 " (7x) exhibits a gain signal
UVHF, and UVHB intensities. The latter quantities must be whose magnitude depends on the magnitud@®gf(Ex) and
measured under identical conditions to the SEPF measure- the amount of population transferred to lefglvia the pump-
ment, which is made difficult by interference from scattered dump combination. This is the “yes/no” answer that is a
light when the laser beams cross the expansion near the exitparticular strength of the method in measuring barrier heights.
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Figure 3. SEP and SEPPT spectra of (ajt-mDVB, (b) cccmDVB, and (c)ct-mDVB. The top traces are SEP spectra, the middle two traces are
SEP-PT spectra into products, and the bottom traces are-FHFspectra monitoring the initially excited “reactant”. The black traces indicate SEP
transitions from the Sorigin, and the purple and red traces indicate SEP transitiotismbVB out of the 36 and 29 S, vibronic levels, 127 and
174 cnt above the $origin transition, respectively.

Iz
= >

In this limit, the first observed dump transition in the product fixed on the $ — S origin (black traces). The scale on the
X channel constitutes an upper bound to the-AX energy right above the dotted line in each section of Figure 3 is a
threshold, while the last unobserved SEP transition that is strongpercent depletion in the indicated conformer's excited state
enough to have been observed serves as a lower bound. population induced by the dump laser. The two middle traces
The energy threshold is also reflected in a corresponding show the SEP-PT spectra from the indicated reactant into each
change in the gain signal in the reactant channel. Below the of the two possible products. Finally, the bottom traces show

lowest A— product threshold®aa(Ex < Egresn = 1 and the SEP-PT spectra monitoring the reactant channel (dtg.,
— tt). The corresponding scale below the dotted lines denotes
Lan () = 1 () |3 (10) the percent gain in the indicated product population. The-SEP

PT spectra were obtained by tuning locally over regions of

Thus, below the lowest threshold, the reactant channel will show Strong SEP transitions in the anticipated region of the isomer-
a large gain signal equal in magnitude to the total fractional ization barrier. This tactic was chosen, rather than continuous
population of A driven to energy levelf, by the pump and ~ Scans over the entire region, due to the small amount of
dump lasers. Once the lowest energy threshold has beenOOpu|ati0n transferred in these studies. The expanded scale for

overcome ®aa(Ex > Einres(B)) is reduced tabaa = 1 — Pag the ct conformer indicates that it was not possible to move as

and then is reduced still further as the barriers to other much population via the pump and dump lasers in the

conformational products are overcome. conformer as in the others. This is a result of the lower oscillator
strength noted in the preceding pdpfar this conformer.

lll. Results and Analysis In all three SEP spectra from thg Brigins (Figure 3ac

1. SEP and SEP-PT Spectra. The SEP and SEPPT top traces) the strongest SEP transitions occuy14100, 1250,
spectra for the conformers fDVB are shown in Figure 3. In ~ @nd 1650 cm® (shown in black). The specific vibronic
all the scans, the abscissa is the difference in photon energytransitions responsible for each band are given in the figure,
between the pump and dump lasers, plotted here as the internat'Sing the vibrational numbering schemles introduced in the
energy residing in the excited conformer after the dump Preceding paper for eachDVB conformer: In ccmDVB, an
transition. A total of 12 spectra is shown, 4 for each of the 3 additional transition can be observed in the SEP spectrum at
conformational reactants (Figure 3a),cc (Figure 3b), anctt 1080 cnt! (assigned to 1536%).
(Figure 3c). In each set of four, the top traces show the SEP In an attempt to find additional SEP dump transitions that
spectra of the respective reactants recorded with pump lasemproduce reactants with internal energies between the main bands
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present in the Sorigin SEP spectra, the dispersed fluorescence
spectra from the preceding paperere used to identify upper
vibronic levels with strong emission into bands in the gap
between the lower and upper bounds from the origin SEP
spectra. On that basis, inmDVB, SEP spectra were taken using
pump transitions 127 and 174 cfrabove the Sorigin, assigned

to the overtone of the out-of-plane vinyl torsion {g6and the
fundamental of the in-plane vinyl bend (3B respectively. The
former possessed one SEP transition at 1130din purple)

and the latter two additional SEP transitions (with internal
energies of 1175 and 1421 ci in red) that were found to
have sufficient intensity to be useful. Unfortunately, analogous
transitions with sufficient intensity to drive measurable popula-
tion in the SEP-PT experiment were not found for tlve and

ct isomers. In particular, higher-lying vibronic bands in the
excitation spectrum, which were viewed as potential candidates
(via their DFL spectra), could not be used to generate strong
SEP signals. It seems likely that these intermediate levels
experienced intramolecular vibrational redistribution (IVR) or
collisional relaxation that dilutes the intensity of the emitting
transitions back down to the ground state in such a way that
strong SEP signals were not possible.

We check first the intensity of SEFPT traces to product
channels (middle traces in Figure 3) at low energies anticipated
to be below the lowest barrier to isomerization. The SEP
transitions near 1000 cth in all three conformers show no
measurable depletion, consistent Wifli°® ~ 0 in eq 5b. As a
result, we can use SEFPT intensity expressions for the product
channels that hold in this limit (egs 9 and 10) and interpret the
onset of measurable gain in population in a given product
channel as an unequivocal indicator that the barrier to isomer-
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Figure 4. Dispersed fluorescence spectra of the <S S origin
transitions of (apc-mDVB, (b) ct-mDVB, and (c)tt-mDVB. The dotted

line at 1200 cm! denotes the determined energy thresholds for
isomerization. The percent fluorescence, which is above the isomer-
ization threshold for each isomer, is indicated.

1640 cntl), the intensities of the SEFPT gains in the two
product channels are always nearly equal in size, so that their
ratio is approximately 1.0. ImDVB, the fractional abundances
have been determined from 4TS studiesto beF. = 0.31

ization has been overcome. At the same time, in the reactant® 0.08,F¢ = 0.39+ 0.15, andFy = 0.30+ 0.07. Thus, to a

channel, a maximum population gain is observed for the 1000
cm~1 SEP-PT transitions, consistent with all the “dumped”
population being funneled back entirely to the reactant zero-
point level.

In tt-mDVB (Figure 3a), the SEPPT spectra with dump
transition at 1130 cm (15°36%) produced no population gain
in either ct or cc product channels. However, at 1175 ¢m
(15°,29%), clear gain is observed in both populations. Thus,
the thresholds to botlt — cc andtt — ct isomerization are
between 1130 and 1175 cf In ctmDVB (Figure 3c), the
only strong SEP transitions in the barrier region are at 997 and
1243 cml. Therefore, the thresholds t — tt andct — cc
isomerization can only be bracketed between 997 and 1243
cm™L In ccmDVB (Figure 3b), the additional strong SEP
transition at 1080 cm' internal energy shows no product gains
but a clear gain in the reactant. Hence, the thresholds te
tt andcc — ct isomerization are both between 1080 and 1232
cm L,

The SEP-PT intensity (eq 9) can also be used to estimate
the relative product quantum yields for SEPT transitions
above the barriers to isomerization. Given the small SEP

first approximation, these fractional abundances can also be
considered equal. This indicates that in every case, the popula-
tion is being distributed roughly equally between the two
products; that is®ag(Ex) ~ Pac(Ex).

One puzzling aspect of this deduction is that it suggests, based
on eq 9a, that the reactant channels should show a similar sized
gain to those in the products. However, SHFT scans over
the 1240 and 1640 cm tt — tt andcc — ccreactant channels
show no measurable gain signal. On this basis, one is led to
surmise thatbaa~ 0, an answer that makes little physical sense.
The likely source of error here is in assuming that f° is
negligible, thenf & will also be negligible. If the major
contribution to the recooled population is from fluorescence,
then f 2 = ¢ @, and % = ¢ ®L;. While the
fluorescence quantum yieldpfA, is a constant, the product
quantum yield ®%,., from the levels formed by fluorescence
are heavily weighted toward the reactant because a significant
fraction of the ground state levels reached by fluorescence are
below the lowest barrier to isomerization. As Figure 4 shows,
this fraction is (+-0.40)= 0.60 fortt-mDVB, 0.51 forct-mDVB,

signal sizes and other sources of error, we choose to use thesnd 0.63 foce-mDVB. If the above-barrier population is equally

data only to draw general conclusions and to illustrate the
method of extracting quantum yields from the data. From eq
9b, one can see that the ratio of SHPT intensities of a given
transition in the twamDVB product channels is given by

|5 _ (F_c)chB(Ek) a
| f\(E:FLPT(;jk) Fe/ Pac(Ed

Independent of which conformer is initially excitetd, (cc, or
ct) and the internal energy above the barrier (1240, 1422, or

distributed between the three conformers, then we predict that
@] _, ~ 0.73, while®/,_.. = ®_, ~ 0.13. Similar arguments
hold for the other conformers. Therefore, while the product
channel intensities are not significantly affected by fluo-
rescence, the gain signal in the reactant channels could be
reduced. If we set the term in brackets in eq 8a to zero (i.e.,
Dpn(Ey) — qb? (I)LA = 0), we deduce a fluorescence quantum
yield in tt-mDVB of qbfA~ 0.4, if indeed fluorescence is the
only pathway for return of molecules back to the zero-point
level.
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TABLE 1: Observed Thresholds to Isomerization and TABLE 3: Observed and Fit Torsional Levels and
Relative Energies of the Minima in mDVB Isomerization Barriers (Thresholds) in mDVB
calculated fit 1b fit 2b obsd data
observed bounds isomerization description transition (cm™) (cm™) (cm™)
to isomerization barriers
! i CCvag 0-1 28 27 [27}
reactant— product (cm™) (cm1)2 0—2 55 55 56
tt—ct 1130-1175 1274 0-3 94 91 [88%
tt—cc 1130-1175 0—4 135 129 130
cc—tt 1080-1232 0-5 178 170 [1777
cc—ct 1080-1232 1208 0—6 223 213 214
ct—tt 997—-1243 1256 CC-V3g 0-1 32 37 [35¢
ct—cc 997-1243 1264 0-2 76 81 81
0-3 131 136 [137
relative energies 0-4 190 195 186
of minima (cnT?) tt-Viow 0-1 24 12 [27}
it 0 0-2 52 52 57
ct ~113t0+178 0-3 B8 81 (921
ce —102 to+95 0—4 127 124 126
0-5 169 170  [163]
aDifference in energy between the indicated reactant and the tW-vhign 0-6 214 218 202
transition state separating the reactant and product, corrected for zero- 0-1 41 45 [39}
point energy effects. 0-2 88 97 920
0-3 141 145 [139]
TABLE 2: Torsional Fitting Parameters 0—-4 199 198 197
parameters fit?a  fiteza®  fitlb®  fit2b Ctvss 2 2 23 [3713;
Vs, 671+30 695+ 70 876+70 769+ 54 Ct-vss 0-1 36 39 37}
V3 —-9+6 16+10 —-145 11+ 10 0-2 81 84 86
Vi —2394 11 —207+30 —321+10 —317+9 Sequential Barriers
Vao —120420 —48435 —127436 —185+ 30 tt— cc,ct 1146 1152 11301175
Vi, -3+1 157 5+4 6+6 cc— cttt 1114 1127 10861232
Vi, —19+2 43+6 —14+38 45+ 4 ct—tt 1134 1151 9971232
1 11+ 2 —-50+5 15+ 8 —-52+4 ct—cc 1126 1128 9971175
DFT symmetry no yes no yes av error !n torsi_ons 5% 8%
sequential 904-920 754-828 1114-1146 11271152 av error in barriers 2% 2%
barriers (cm?) a ; ;
concerted 1337-1340 1376.1405 17411763 1535-1537 Determined by inference from the-1 sequence band. These levels

were given an error twice as large as those directly observed in the
dispersed emission scans because their absolute value was estimated
aUnconstrained fit of the observed torsional levels without rotation using the constraint imposed by the high-resolution data of Nguyen
of the wave functions. While the best-fit values shown in the fits assume and co-worker8? which determined that both ground and excited state
independent errors, the values\bfandV, are highly correlated, leading ~ geometries were plandtNo sequence band data were measurable in
to a range of fits using the torsional levels alone that have barrier heights thett andctisomers. Estimated values for= 1 made using the same
that differ substantially from one another. See the preceding paper (refassumptions as in footnote @Estimated values from combination
1) for details.” Unconstrained fit of the observed torsional levels with bands with the bend of the same symmetry and the value for the
rotation of the wave functions. See preceding paper (ref 1) for details. 1 level. The observed error is twice that of other known levels to account
¢ Constrained fit of the observed torsional levels without rotation of for uncertainties in the estimation.
the wave functions. See text for detallsConstrained fit of the observed
torsional levels with rotation of the wave functions. See text for details. pathway taken byt — cc isomerization passes over the same
rate-limiting barrier as does thte— ct isomerization. This is
the expected consequence of a circumstance in which energy
is the dominant factor determining the isomerization pathway.
1. The Isomerization Pathway.Several aspects of our results  Finally, the roughly equal isomerization product quantum yields
support the deduction that the lowest energy pathway to deduced from the ratio of SERPT intensities (eq 11) indicate
isomerization is sequential rather than concerted. The sequentiathat in all casespag(Ex) ~ Fg, that is, that the conformational
pathway traverses over two lower-energy barriers in which one population reaches a near-equilibrium population distribution
vinyl “appendage” at a time swings out-of-plane through a much like that reached by the conformer population under
perpendicular configuration (with the other remaining in-plane), expansion cooling in the absence of SEP excitation. This would
while a concerted pathway would involve both vinyl groups occur if the rate of isomerization is faster than the cooling rate,
moving together to perpendicular configurations either on the so that all three conformer wells are sampled by the population
same or on opposite sides of the phenyl ring (rotatory or counter-on a time scale fast compared to vibrational cooling.
rotatory with respect to one another). In the sequential pathway, 2. Energy Thresholds, Energy Barriers, and Isomerization
two low-energy “1D” barriers are traversed in moving between Product Quantum Yields. Our discussion to this point has
thett andcc wells, while the concerted pathway overcomes a made the implicit assumption that the lower and upper bounds
second-order saddle point (& = 6, = +x/2). First, a to the measured energy thresholds observed in the-SHP
comparison of our measured thresholds with the calculated scans are equivalent to lower and upper bounds on the energy
barriers to isomerization (also included in Table 1) shows a good barriers to isomerization. However, the step function in SEP
correspondence with calculation in the barrier heights if PT transition intensities in the reactant and product channels
sequential pathways are taken. Second, the fact that the samerovides upper and lower bounds on the barriers to isomerization
bounds on the thresholds are shared by lbth ct andtt — only if tunneling effects and/or kinetic shifts are negligiBle.
ccisomerizations (11301175 cnt?) strongly suggests thatthe  Given the substantial mass of the vinyl group, it is unlikely

barriers (cm?)

IV. Discussion and Conclusions



Conformational Isomerization oftDivinylbenzene

J. Phys. Chem. A, Vol. 111, No. 19, 2003717

= B I
- \ g -] 4100
B0 —0©
1 N/ = =/ — i
0 j ,r _JI'I B -250-
PN — — = = -300-
2+ C @ -350
B e ( o (‘ Il -400-
a8 T4 T T — P |
£ 03 2 a4 0 1 2 3 450 : :
R 3 -_j \___/ L 300 500 700 900 1100 1300
@' 5 : = V,y/em!
|©'. - Figure 6. Plot of acceptable sets (average error in torsio%) of
] = = (V2, V4) values from the torsional level fitting of ref 1 fo®) V5, =
—200 cnt?, (a) V5, = —100 cnT?, (@) V5, = 0 cn, (x) Vo, = 100
U") O C cml, and @) V5, = 200 cntt. The shaded oval circumscribes the
range of values that are consistent with the measured 1D barriers in
-1 /6\ @ the range of 11081200 cnT™.
-2 N N determined by Luther and co-workers for highly excited toluene
™ X & in collisions with heliun®21These estimates are consistent with
3, T T l T T T the observed intensity effects, in which levels within—ZD
302 1 0 1 2 3 cm ! of the true threshold are affected but higher levels are
6, (radians) not.

Table 1 lists the measured lower and upper bounds on the
thresholds, which we now associate with bounds on the barriers
to isomerization. Since all six reactant product conformer
_pairs were measured, combining the threshold measurements for
'A — B and B— A leads to the relative energies for tbeand
ct minima listed in Table 1. Not surprisingly, all three confor-
mational minima are within 100 cm of one another in energy.

3. The Two-Dimensional Torsional Surfaceln the previous
paper! the observed torsional levels were fit to a potential of
the form

Figure 5. Two-dimensional torsional potential surfacenddVB: (top)
from fit 1b and (bottom) from DFT/B3LYP//6-31G* relaxed potential
energy scans.

that tunneling will have a measurable effect on these thresholds
however, one cannot immediately dismiss the possibility of a
kinetic shift. Since isomerization necessarily occurs in competi-
tion with collisional cooling, if the isomerization rate near
threshold is much slower than the collisional cooling rate, then
the apparent threshold will be shifted to higher energies where
the isomerization rate competes successfully with cooling. In
past SEP-PT studies® a kinetic shift was apparent by the
decreased intensities of the product SEH transitions (relative
to the SEP intensities) right near the thresholdmbVB, the
most direct evidence for such a competition occurs in the
threshold region of thét SEP-PTS scans (Figure 2), where
the appearance of the products at 1175 &rl5%29%)) is
accompanied by a decreased intensity in the reactant channelVy,,ss= V;,(C0s0, cos B, + cos D), cosb,) +
which undgrgoes further reductlon.at 1240¢nto its high- VE(sin 6, sin 29, + sin 29, sin6,) +
energy limiting value near zero. This argues for a small effect
due to this competition, whereby the level at 1175 €fannels V5,(cos B, cos D,) + V5,(sin 2, sin 20,)
more of its population into the reactant well due to collisional
cooling competing with isomerization. A major motivation of the present work was to provide an
The estimated collision rate with helium @b = 2 with 7 alternative, direct set of measurements of the barriers to
bar backing pressure behind the nozzle orifice at 298 K nozzle isomerization using population transfer methods. With these
temperature (local expansion temperaturg@t= 2 is ~36 K) measurements in hand (Table 1), we return to the torsional
is ~1.6 x 10° 7115 If we takett- mDVB as an example and  potential fitting again to incorporate the new experimental data
set the isomerization barrier at 1150 chihalfway between in the fits.
the lower and upper bounds), then RRKM théé#y estimates Using the observed isomerization thresholds from the current
an isomerization rate at a threshold of 37.0° s~1 if the full study (Table 1) to constrain the range of barrier heights that
density of reactant states participate in reaction. However, sincecan be used to fit the torsional level data, we attempted two
the SEP-PT experiment initially prepares totally symmetric final fits in the same manner as described in the preceding
levels, one could argue for a lower density of states by about apaper The values of the fit parameters are given in Table 2
factor of 4 and a subsequent threshold isomerization rate of 1.5(fit 1b and fit 2b), where they are compared with the fits in
x 1@ s71. We do not have a firm knowledge of the average which the barrier heights were allowed to move at will (fits 1a
energy lost bynDVB per collision with helium, but experience  and 2a)t The resulting torsional level energies and barrier
with other large, flexible molecules suggests a fractional energy heights are given in Table 3. Fit 1b does not account for the
lost of about 0.3%, equivalent to-3} cnT ! per collision at the DFT predicted relative frequencies of the lowest torsional levels
threshold'®19A similar fractional energy lost per collision was (see the preceding paper), whereas fit 2b does.

1
V(01’92) = Z EVn(2 - COS(']Bl) - 005(192)) + Vcross
n=2—4

where
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