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ABSTRACT

We have studied the photodissociation of gas-phase bromocyclopropane by 200 nm wavelength ultraviolet radiation using ultrafast elec-
tron diffraction. Bromocyclopropane is a prototypical molecule in the study of organobromides, a class of molecules that have a significant
impact on atmospheric ozone depletion through their photochemistry. Previous studies have revealed two possible reaction pathways for the
photodissociation of bromine from bromocyclopropane; either the C-Br bond dissociates, leaving behind a cyclopropyl ring, or there is a
concerted opening of the cyclopropyl ring along with the C-Br bond dissociation. In this work, both our experimental and simulation results
indicate that the majority of the UV-photoexcited BCP molecules (88% + 11% in the experiment) follow the first reaction pathway, in which
the cyclopropyl ring remains closed after homolytic C-Br bond cleavage. This direct bond dissociation occurs within the experimental time
resolution of 270 fs. In order to differentiate between the possible reaction end-products, both of which have diffraction signals dominated by
the bromine atom, a new analysis method has been employed, which is more sensitive to the structure of the end-products.
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I. INTRODUCTION

Bromocyclopropane (BCP) is a prototypical molecule for the
study of organobromides, a class of molecules that have a sig-
nificant impact on the Earth’s atmospheric ozone through their
photochemistry."” In the atmosphere, organobromides photodisso-
ciate on the absorption of UV photons, producing bromine atoms
and other species that catalyze reactions that break down the Earth’s

ozone layer.”" In addition, the photofragments of organobromides
have been shown to cause DNA damage, leading to a possible
increase in cancer and other negative health effects.” In order to bet-
ter understand the impacts of the photodissociation of organobro-
mide molecules, we must first develop a mechanistic understanding
of these reactions. In a previous study of BCP using velocity-map
imaging,” two possible photodissociation pathways were proposed.
In the predominant reaction pathway (pathway A in Fig. 1), the
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FIG. 1. Schematic showing the two possible photodissociation pathways of the
BCP reaction. For BCP molecules following pathway A, the bromine photodis-
sociation leaves behind a bromine radical and a cyclopropyl ring. In pathway
B, the cyclopropyl ring opens, yielding an allyl radical following the bromine
photodissociation.

homolytic fission of the bromine-carbon bond yields a cyclopropyl
radical and a bromine atom. Evidence was also presented for a
second, minor reaction pathway (pathway B), in which a con-
certed opening of the cyclopropyl ring occurs simultaneously with
the dissociation of the bromine atom. Concerted ring-opening has
also been observed in nanosecond studies of BCP in solution’
and iodocyclopropane® in both the gas and solution phases. While
allyl radicals have been seen as ring-opening reaction products at
longer timescales, experiments to date have lacked the necessary spa-
tiotemporal resolution to determine the reaction pathways at short
timescales, i.e., on the order of femto- and picoseconds.

In order to follow the reaction more closely, we have carried out
ultrafast electron diffraction (UED) measurements of photoexcited
BCP at the SLAC National Accelerator Laboratory. Gas electron
diffraction has previously been used to determine the ground-state
structure of BCP.” UED is capable of observing changes in molec-
ular geometries'’ during pump-probe experiments and enables
measurements with both femtosecond temporal resolution and
sub-angstrom spatial resolution.'""” The use of mega-electron volt
(MeV) UED overcomes some of the drawbacks of previous elec-
tron diffraction experiments, such as the velocity mismatch between
the pump and probe pulses and the broadening of the electron
probe pulse due to Coulomb forces.”'" Together, these unique
attributes have made UED an attractive and effective tool to study,
e.g., the reaction dynamics of photodissociation in the gas phase,"” "’
and to explore the dynamics in ring-opening reactions.”””' This
UED experiment uses 200 nm laser pulses to excite gas-phase BCP
molecules and 3.7 MeV electrons to probe the resulting structural
changes. Upon excitation at 200 nm, BCP is likely excited to one
or more electronic states in the A band, previously labeled as 3Q1,
3Qo, and 'Qy, in which a non-bonding electron in one of the orbitals
on the Br atom is excited into the anti-bonding C-Br ¢* orbital.”””
Based on our trajectory simulations, we see no evidence of exciting
to Rydberg states. From this experiment, we have determined the
yield of the different reaction channels immediately after C-Br bond
dissociation by comparison with simulated fragment geometries.
Due to the much larger electron scattering amplitude of bromine

ARTICLE pubs.aip.org/aipl/jcp

relative to carbon and hydrogen, the time-dependent difference sig-
nal depends largely on the dissociation of bromine. Consequently,
we have employed a new data analysis method to better differen-
tiate between the ring-open and ring-closed end-products by first
removing contributions to the diffraction signals originating from
bromine dissociation. This study demonstrates that the cyclopropyl
ring remains closed in the main dissociation channel and that the
reaction products are formed promptly in less than 270 fs.

Il. METHODS
A. Experimental Details

This experiment was conducted using the LCLS MeV-
UED apparatus located at the SLAC National Accelerator
Laboratory'"'*'* using commercially available BCP from Sigma-
Aldrich. Gaseous BCP at a pressure of 2 Torr was introduced into
the interaction region using a flow cell, where the gas jet crossed
paths with the UV pump and electron probe beams. The UV pump
pulses at 200 nm wavelength were generated through the fourth
harmonic conversion of 800 nm pulses produced by a Ti:sapphire
laser system. The laser beam size on the sample was 180 x 220 ym?
FWHM, and the pulse duration was ~100 fs. The pulse energy was
between 5 and 17 yJ at the interaction point. Electron pulses were
accelerated via a radio frequency field to 3.7 MeV before reaching
the interaction region, where they were diffracted by the sample
BCP molecules. The resulting diffracted electrons traveled to a
phosphor screen, which was imaged by an EMCCD camera using
an integration time ranging from 6 to 10 s per image. The total
integration time for each time delay varied from 23 to 57 min,
with the longer integration times focusing on the delays near time
zero. In total, ~16.5 h of data were used in this analysis, with
the experiment running at a repetition rate of 120 Hz. Using a
motorized stage, the UV pump path length was varied to adjust the
difference in the time of arrival of the pump and probe beams from
approximately —3.5 to 9.5 ps.

B. Theory

All complete active space self-consistent field (CASSCF) and
complete active space second-order perturbation (CASPT2) calcula-
tions were carried out in the OPENMOLCAS (v19.11)*** electronic
structure package.

The primary CASSCEF active space (Fig. 2) used to model BCP
comprised twelve electrons distributed over ten orbitals, six of A’
symmetry and four of A" symmetry, including the C-C and C-Br
o/c* orbitals and the Br-centered n orbitals. State averaging was car-
ried out over the three and four lowest-energy singlet and triplet
states, respectively, with equal weighting being given to all states
within a given spin multiplicity. These calculations are denoted
SA(3]4)-CASSCF(12,10) hereafter.

A secondary, smaller CASSCF active space (Fig. 3; using the
cyclopropyl radical as an exemplar) with the C-Br o/c* and Br-
centered 7 orbitals omitted was used to model the dissociation prod-
ucts and comprised seven electrons distributed over seven orbitals,
four of A’ symmetry and three of A” symmetry, with no state
averaging. These calculations are denoted CASSCF(7,7) hereafter.

CASPT?2 calculations were carried out on top of the SA(3[4)-
CASSCEF(12,10) calculations to validate the results. Ionization
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FIG. 2. BCP CASSCF active space, comprising four o orbitals, two n orbitals, and four o* orbitals. In total, twelve electrons were distributed over ten orbitals

[CASSCF(12,10)].

potential/electron affinity (IPEA) and imaginary shifts relative to
the zeroth-order Hamiltonian of 0.25 and 0.1 a.u., respectively, were
used. These calculations are denoted CASPT2(12,10) hereafter. The
def2-SV(P) basis set was used throughout.”

Trajectory surface-hopping dynamics (TSHD) simulations
were performed at the SA(3]|4)-CASSCF(12,10)/def2-SV(P) level
using the SHARC (v2.1)*>”” TSHD wrapper interfaced with the
OPENMOLCAS (v19.11)**** electronic structure package. The 3
and 4 lowest-energy singlet and triplet states, respectively, were
all active and coupled in the TSHD simulations through the
SHARC approach for arbitrary couplings.””*’ All energies and
gradients were scaled by a constant factor of 0.925, obtained
by fitting the SA(3]|4)-CASSCF(12,10)/def2-SV(P) potential energy
surface along the dissociation coordinate to that calculated at
the (higher) CASPT2(12,10)/def2-SV(P) level. Each geometry in a
Wigner-distributed ensemble of 500 independent So-state starting
geometries was projected onto the S; state, and 200 independent
excited-state trajectories were recorded by propagating the 200 ini-
tial conditions with the highest oscillator strength for the excitation
through time for 1 ps. The nuclei were propagated via the integra-
tion of Newton’s classical equations in time steps of 0.5 fs using the
velocity-Verlet algorithm, while the time-dependent Schrédinger
equation was integrated in time steps of 0.025 fs using the

FIG. 3. BCP dissociation product
CASSCF active space, comprising
three o orbitals, one n orbital, and three
o* orbitals. A total of seven electrons
were distributed over seven orbitals
[CASSCF(7,7)).

fourth-order Runge-Kutta algorithm. The TSHD decoherence para-
meter was set to 0.1 a.u.’’ It has been suggested that in BCP® and
iodocyclopropane,® ring-opening may occur by first forming an ion-
pair state consisting of a cyclopropyl cation and a bromine/iodine
anion. The resulting cyclopropyl cation more easily undergoes ring-
opening, yielding an allyl cation and a bromine/iodine anion, which
then transitions back to a valence state. The active space used in
this work is able to simulate this ion-pair state as one of the pos-
sible pathways to the ring-open product. The trajectory simulations
suggest that excitation to Rydberg states is not occurring. While the
CASSCF/CASPT2 active space does not include the orbitals nec-
essary to represent the Rydberg states, the current active space is
very stable, showing no signs of instabilities that may point to the
presence of Rydberg states.

lll. RESULTS AND DISCUSSION

We begin by examining the time-independent electron diffrac-
tion patterns collected without laser excitation to confirm that the
pattern obtained from experimental measurements of gas-phase
BCP agrees with theoretical calculations for the computed ground-
state structure. The results of our analysis (shown in Fig. 4) indicate
good agreement with the theory in both the reciprocal space (sM)
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FIG. 4. (a) Static BCP sM experimental signal compared with the theoretically calculated signal of BCP molecules taken from TSHD simulations at time zero. (b) Experimental
and theoretical PDF signals showing the atom pair distances present in the BCP molecular geometry. Several key atom pair distances in BCP are marked with arrows

showing the distances that contribute to each of the peaks observed in the PDF signal.

signal and the real space pair distribution function (PDF). Here, s is
the momentum transfer in units of A™". Details on calculating these
signals can be found in the supplementary material. Some of the
atom pair distances in BCP are marked on the PDF. The first broad
peak in the PDF (~1.8 A) corresponds to the C-C (~1.5 A) and C-Br
(~2.0 A) bond distances, while the nonbonded C-Br (~3.0 A) dis-
tances give rise to the second peak in the PDF (~3.0 A). A small peak
corresponding to the longest nonbonded H-Br distances can also be
seen in the PDF (~3.9 A). All shorter bonded and nonbonded (e.g.
H-C and H-Br) distances overlap with the more prominent features
and are subsumed, making them difficult to observe.

Figure 5(a) shows the experimental time-dependent normal-
ized diffraction difference intensity (AI/I). The AI/I is the normal-
ized difference between the diffraction signal after laser excitation
and the diffraction signal before laser excitation and is calculated
according to Eq. (S5) of the supplementary material, Sec. 1. We first
examine the signal time dependence by integrating the AI/I over the
region 1.38 < s < 1.96 A™' corresponding to the first positive fea-
ture in Fig. 5(a). A rise time of 270 + 120 fs FWHM is retrieved by
fitting an error function to the experimental signal. We note that
this timescale is slower than the predicted rise time derived from our
theoretical simulations (<100 fs). We attribute this difference to the
limited time resolution of our experiment. While experiments using
this instrument have achieved time resolutions down to ~150 fs,'" we

11.66

|Signalexp (s) — E x [p x Signalciesea(s) + (1 — p) x Signalopen(s)]]

observed timing drifts during the long acquisition times that could
have affected the instrument response function. Figure 5(c) shows
the time-dependence of the AI/I calculated using molecular struc-
tures from the TSHD simulations, while Fig. 5(d) shows the same
theoretical signal after convolution with a 270-fs-FWHM Gaussian
kernel modeling the instrument response function. The smoothed
theoretical signal, shown in Fig. 5(d), shows good agreement with
the experiment in terms of peak locations, while the fast oscillations
observed in the short times in Fig. 5(c) are not captured due to the
finite time resolution, as can also be seen in Fig. 5(d). These oscil-
lations are mostly due to the fast increase in the distance between
the two fragments after dissociation. The observed signal reflects the
appearance of the end-products present after the conclusion of the
reaction. The constant shape and amplitude of the signal after a few
hundred femtoseconds indicate that the final products are formed
on the femtosecond timescale. The following analysis focuses on
determining the branching ratio of these end-products using the
data collected after 500 fs as the experimental signal strength has
plateaued by this time.

The experimental AI/Tis fit to a combination of the signals from
ring-open and ring-closed end-products in order to determine the
branching ratio of this reaction. Assuming that only these two end-
products are produced, this fitting is performed by minimizing the
chi-squared value,

2
>

1

2
X =

s=1.14

a(s)’
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where, for time delays sufficiently far after time zero such that
the signal is no longer changing with time, E is the proportion of
molecules excited by the laser, p is the proportion of the excited
BCP molecules that produce the ring-closed product (pathway A),
and o is the uncertainty in the experimental signal. For this fit,
the Signal(s) functions correspond to the AI/I. The signal uncer-
tainty is determined via bootstrapping of the data as described in
Sec. 2 of the supplementary material. We have carried out the fit-
ting using two different sets of fitting bases. One basis is constructed
from the TSHD simulations, while the other uses hot end-product
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simulated structures. The first fitting basis is constructed from the
TSHD simulations, in which all trajectories result in bromine dis-
sociation, with 199 trajectories yielding ring-closed end-products
(pathway A), while the remaining one trajectory produces a ring-
open end-product (pathway B), giving a theoretical branching
ratio of 99.5% ring-closed, 0.5% ring-open. The ring-closed basis
signal is calculated by averaging the AI/I for each geometry in
the 199 ring-closed trajectories from 500 to 1000 fs. Within the
single observed ring-opening trajectory, the C-Br bond dissocia-
tion and ring-opening occur sequentially, with the bromine atom
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FIG. 5. (a) Experimental Al/l signal as a function of momentum transfer and time. (b) Time-dependent amplitude of the experimental Al/l signal from 1.38 < s < 1.96 A~".
Fitting the rise of this feature with an error function gives a relatively long rise time of 270 + 120 fs FWHM. This slow rise is attributed to the time resolution of the experiment,
likely due to timing drifts during data collection. (c) Simulated Al/l signal from 200 BCP trajectories given a time resolution of 0.5 fs. Near time zero, the dynamics of the
bromine dissociation and resulting changes in the cyclopropyl ring can be seen. (d) Simulated Al/l signal given in (c) smoothed with a Gaussian kernel of width 270 fs
FWHM in time and 0.2 A=' FWHM in momentum transfer to reproduce the experiment resolution. After smoothing, the experimental and theoretical signals show good
agreement. The early time dynamics are no longer visible due to the experiment resolution.
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dissociating near time zero, while the ring remains closed until
~800 fs after time zero, meaning that only 381 individual ring-open
structures are available from the TSHD simulations. The ring-open
basis signal is calculated by averaging the AI/I for the geometries
in the one ring-open trajectory from 810 to 1000 fs. The AI/I sig-
nals before 500 fs are excluded from the end-product fitting basis
to avoid any dynamics present near time zero, while the sampled
time range for the ring-open trajectory is limited to only the times
after the completion of the ring-opening dynamics. The fitting is
performed over the momentum transfer range 1.14 <s < 11.66 A™".
The resulting experimental branching ratio is 86% + 15% ring-closed
(pathway A) and 14% + 15% ring-open (pathway B), with an excita-
tion ratio E = 0.7% + 0.1%. The fit results agree reasonably well with
the theoretical predictions from our TSHD simulations within the
uncertainties, confirming the ring-closed cyclopropyl radical prod-
uct as the main channel. The experimental results, however, do
predict a larger proportion of ring-opening than was predicted by
simulation.

A second fitting basis has been constructed using the average
AI/T signal from 10000 ring-open (allyl radical) and 10000 ring-
closed (cyclopropyl radical) hot end-product simulated structures.
This second basis was considered, as the previously mentioned tra-
jectory basis contains only a single ring-open trajectory with 381
structures, which may not be representative of all possible ring-open
geometries. The ring-open basis function calculated from these hot
end-product structures should resolve this possible issue with the
first (TSHD) basis set. Using this hot end-product basis, the result-
ing branching ratio is 86% + 15% ring-closed (pathway A) and
14% + 15% ring-open (pathway B) with an excitation ratio
E = 0.7% + 0.1%, which is consistent with the results from the first
fitting method. While the two sets of basis functions give the same
branching ratios, the hot end-product basis is used in the remaining
analysis due to the limited number of theoretical ring-open geome-
tries available from the TSHD simulations. Figure 6(a) shows the
experimental AI/I averaged over all times from 0.5 to 9.5 ps along
with the total theoretical signal comprising the sum of the two basis
functions weighted according to the branching ratio fit results. The
two basis functions used during the fitting procedure are also plot-

Experiment Pathway A
= = Theory Fit ==-=-Pathway B

Al/l

ARTICLE pubs.aip.org/aipl/jcp

ted for comparison. The two basis functions are quite similar over
the range of the experimental measurement, which is what causes
the large uncertainties in the fits. The reason for the similarity is
the bromine dissociation, which produces a difference signal that is
significantly larger than that produced by the opening of the ring.
Figure 6(b) depicts the real space APDF experimental and theory
signals showing the atom pair distances, which disappear during
photodissociation. Both the AI/T and APDF experiment signals agree
well with the theoretical signals created using the AI/I branching
ratio fit.

We now introduce a new fitting method to enhance the differ-
ences between the ring-closed and ring-opened dissociation product
signals and produce basis functions that are more easily differ-
entiated. In the previous fitting method, the basis functions are
quite similar since the majority of the AI/I and APDF signals
come from the photodissociation of the bromine atom (bromine
has a much larger scattering amplitude than carbon and hydrogen
since the atomic scattering amplitude scales approximately linearly
with atomic number). In this new fitting method, we first sub-
tract the contribution to the difference signal from the bromine
atom dissociation using a theoretical calculation of the AI/I or
APDF that would be produced by bromine dissociation without any
other structural changes. What remains after the subtraction shows
stronger differences depending on whether the ring remains closed
or opens. The following formulas are used to construct these new
double-differential signals, or AAI/I and AAPDEF:

AAI Al Al
T(S) = T(S) -Ex T(S)BrDissociatian’ (2)
AAPDE(r) = APDF(r) — E x APDE(r) g pociion (3

The bromine dissociation signal is calculated using the theo-
retical So-state BCP structure with the bromine atom removed and
without otherwise altering the remaining geometry. The excitation
ratio, E, is determined from the fitting results using Eq. (1) on either
the AI/I or APDF signal (with fitting performed from 0 < r < 5 A).
Using Egs. (2) and (3), the double-differential signals are calculated

x10°°
(b)
0 <_7
&
o -2
4
4t
Y]
0 1 2 3 4 5 6

Distance (A)

FIG. 6. (a) Lineout of the experimental Al/l signal after 500 fs compared to the theoretical signal. This theoretical signal is created using the branching ratio determined
during the fitting using the hot end-product fitting basis. Also shown are the two basis functions used during the fit. The shaded region of the experimental signal represents
the standard deviation of the signal determined via bootstrapping. The shaded regions of the theory signals represent the standard deviations of the signals determined
from the 10 000 simulated structures for each of the two end-products. (b) Lineout of the experimental APDF signal after 500 fs compared to the theoretical signal created
using the branching ratio determined by the Al/l fit. Also shown is the hot end-product fitting basis. Both the Al/l and APDF theory signals agree well with the experiment.
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for both the experimental signal and theoretical hot end-product
geometries. For the theoretical data, E is taken to be one since all
simulated molecules are excited. A comparison between the dif-
ferential and double-differential fitting basis functions is shown in
Fig. 7. Both the AAI/T and AAPDF show enhanced contrast between
the ring-open and ring-closed basis functions when compared to the
previously used differential bases. The AAPDF [Fig. 7(d)] in particu-
lar allows the two reaction pathways to be easily distinguished based
on the contrast between the two basis functions near 1.5 A. The large
valley in the pathway B signal around this distance corresponds to
the loss of one of the C-C bonded distances during the opening of
the cyclopropyl ring. The peak near 2.7 A in AAPDF signals of both
pathways can be explained by the leftward shift of the negative peak
near 3 A in the bromine dissociation APDF when compared to the
APDF of pathways A and B, which results in a positive feature in
the AAPDF after the bromine dissociation signal is subtracted. The
relative shift in the APDF peak locations arises from differences in
the reference scattering signals (the diffraction signals before laser
excitation) used during their calculations. For the ring-open and
ring-closed basis functions (pathways A and B), the reference scat-
tering signal is computed from the trajectory simulation geometries
at t = 0 fs. However, for the bromine dissociation signal, the ref-
erence signal is computed from the theoretically calculated So-state

(a) (b)
0.2 0.05 ! ‘-‘
I 2 2\ -
7 Y - : | l“ I 4 I \
= 0 | \ , S g = 0 .l \I 'l \ " \‘ ,:
< . . . s N \ ‘\' [N
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BCP structure. The atom pair distances present in these two refer-
ences are slightly different, leading to the relative shift in the peak
locations of the APDF.

After constructing this new basis, fitting on the AAI/T has been
carried out according to Eq. (1) to determine the reaction branch-
ing ratio. Lineouts of these double-differential signals using all data
collected from 0.5 to 9.5 ps are shown in Fig. 8.

Figure 8(a) shows the experimental AAI/I, the basis functions,
and the best fit signal. With this method, the experimental data
clearly match the ring-closed (pathway A) structure more closely.
In particular, the ring-closed signal has much better agreement with
the experiment around the region from 1 to 3 A™'. Performing
the end-product fit on this signal returns a branching ratio of 88%
+ 11% ring-closed (pathway A) and 12% + 11% ring-open (pathway
B). The real space AAPDF signal is also investigated since the unique
atom pair distances present in the ring-open and ring-closed geome-
tries allow a more obvious differentiation between these two reaction
pathways. This analysis, pictured in Fig. 8(b), shows that the ring-
closed signal follows the experimental signal more closely, agreeing
with the AAI/I result. This is especially obvious in the AAPDF signal
near 1.4-1.9 A, where the ring-open signal deviates quite far from
the experiment, while the ring-closed signal matches more closely.
While the AAPDF comparison offers a qualitative confirmation of
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FIG. 7. (a) Al/l signal of bromine dissociation (blue solid line) from the optimized ground state BCP geometry compared with the hot end-product fitting basis signals (pathway
A: green dashed line; pathway B: purple dashed line). Both hot end-product signals resemble the signal from bromine dissociation, making the differentiation between the
ring-closed and ring-open end-products difficult. The shaded regions of each signal represent the standard deviations determined from the 10 000 simulated hot end-product
structures. The bromine dissociation signal’s standard deviation is zero as it is calculated from a single structure. (b) AAl/l hot end-product signals calculated by subtracting
the bromine dissociation signal from the hot end-product Al/l. These signals show greater contrast with one another, especially at s < 4 A1 allowing more accurate
end-product fitting. (c) APDF signals of bromine dissociation compared with the hot end-product signals. Just as in the Al/l, the two hot end-product signals resemble the
bromine dissociation signal, as the loss of the bromine atom dominates the signal. (d) AAPDF signals of the hot end-products. These signals are easily distinguishable near
2 A due to the increase in one of the three C-C distances as the ring opens. The green and purple vertical arrows represent the mean C—C distance, which opens during
the ring-opening reaction calculated using the hot end-product structures. (Right) A hot end-product ring-closed and ring-open molecule showing the C-C distance, which

lengthens as the ring opens.
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FIG. 8. (a) Lineout of the experimental AAI/I signal compared to the theoretical signal from the ring-open and ring-closed hot end-products, as well as a line of best fit
combining the theoretical signals using the branching ratio determined from the fit. (b) Lineout of the experimental AAPDF signal compared to the theoretical signal from
the ring-open and ring-closed hot end-products, as well as the signal constructed from the branching ratio fit of the AAl/l signal. Both the AAI/l and AAPDF signals more
easily differentiate between the ring-open and ring-closed signals when compared to our previous fitting basis with the ring-closed signal agreeing more closely with the

experiment.

our fit, it contains more theoretical input than the momentum space
AAI/T signal. This dependence on the theory arises from the miss-
ing signal in the diffraction images at low s values, which is filled by
the hot end-product computed signal for s < 1.38 A™" using the AI/T
fit branching ratio. We, therefore, defer the quantitative branching
ratio fit to the AAI/I. The results from the double-differential fitting
method are fully consistent with the previous (standard) method.
However, this new method reduces the uncertainties by a factor of
~1.3, from 15 to 11%. Removal of the strong dissociation signa-
ture, which is present in both reaction channels, allows the subtle
differences in the signals to be more easily differentiated, reduc-
ing the uncertainty in the branching ratio fit. This improvement
is further highlighted in Fig. 9, which compares the shape of the
X* curves for the AI/I and AAI/I hot end-product bases as a func-
tion of the reaction branching ratio computed using Eq. (1). The x*
curves have been normalized such that the minimum values of each
curve are one for easier comparison between the two fitting results.
Comparing the results of the two fitting bases, it is clear that the
double-differential fitting basis results in a steeper x> dependence on
the branching ratio with a better-defined minimum. This compari-
son indicates that the double-differential fitting basis is more easily
able to differentiate between the two end-products, giving a smaller
uncertainty in the resulting branching ratio. We expect that this
double differential method can also be applied to other diffraction
experiments, where dissociation or another large signal obscures the
differences between the end-products of different channels.
Comparing our results to previous experiments, the analysis
by Pandit et al. of velocity-map imaging results® with nanosecond
resolution inferred from their total kinetic energy release data that
fewer than 5% of excited BCP molecules yield the ring-open end-
product after bromine dissociation when excited at 230-267 nm.
Using UED, which is directly sensitive to changes in the molecu-
lar geometry, our experimental results predict a higher yield of 12%
+ 11% ring-open structures, although 5% is within the measure-
ment uncertainty. From Pandit et al.,° the reaction enthalpy of the
C-Br bond dissociation was calculated to be 337.9 k] mol™!, while
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FIG. 9. X2 values computed using Eq. (1) for all reaction branching ratios for both
the Al/l and AAI/l hot end-product bases. The two plotted curves represent the
average x2 value at each branching ratio across all the bootstrapped datasets.
The x? values have been scaled such that the minimum value of each curve is
one.

the average of the total kinetic energy release distribution of the
Br + cyclopropyl ring bond cleavage at 230 nm was centered near
100 k) mol ™! (see Fig. 4 of Pandit et al.).” Subtracting the bond disso-
ciation energy and average total kinetic energy release from the pho-
ton energies of 230 and 200 nm gives an estimated internal energy
for the cyclopropyl radical of ~80 k] mol™ and ~160 kJ mol™",
respectively. The estimated activation energy for the ring-opening of
the cyclopropyl radical has been found to be 80-92 kJ mol™*.%%*"
While the total kinetic energy release distribution will depend on
the photon energy, these approximate calculations suggest that
the ring-open product should in fact be more favorable in this
200 nm experiment when compared to Pandit et al. and that the
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ring-opening should eventually occur for most excited molecules
in our experiment. Examining our TSHD calculations, the major-
ity of the simulated cyclopropyl fragments have internal energies
>100 kJ mol !, meaning that they should eventually isomerize to
ring-open allyl fragments. However, only one of our 200 trajectories
completes this isomerization within the 1 ps timeframe spanned by
our simulations. Together, our estimation of the cyclopropyl frag-
ment internal energy after excitation with 200 nm, along with our
experimental and TSHD simulation results, suggests that the C-Br
dissociation and cyclopropyl ring-opening processes predominantly
occur sequentially, not in a concerted fashion. While the break-
ing of the C-Br bond occurs on an ultrafast (<1 ps) timescale, the
ring-opening process appears to occur over a much longer timescale
(>>1 ps) as a barrier-crossing must occur to form the ring-open allyl
product. Together, the results of the VMI experiment from Pandit
et al. and this UED experiment suggest that the yield of ring-opened
dissociation products is likely greater than predicted by our theory.

In previous work, Arnold et al. suggested that for iodocyclo-
propane,’ ring-opening may occur by first forming an ion-pair state
in which ring-opening can more easily occur. Pandit et al. suggested
that this pathway may also contribute to ring-opening in BCP.® This
process would require a seam of conical intersections between the
valence and ion-pair states to allow the excited molecules to move
between these two electronic states. We were not able to locate the
reported conical intersections for BCP or iodocyclopropane using a
higher level of theory [CASSCF(12,10)/def2-SV(P)] than that used
in Arnold et al.® and were also unable to reproduce the results
of Arnold et al.® and locate the reported conical intersection for
iodocyclopropane at the CASSCF(4,4) level employed in that work.
From Arnold et al.,® the purported ion-pair ring-opening pathway
requires the iodine atom to remain in the vicinity of the cyclopropyl
fragment during the ring-opening process. Both our TSHD simu-
lations and UED experimental results instead suggest that bromine
atom dissociation occurs much more quickly than the ring-opening
of the cyclopropyl radical, with the two processes happening in a
sequential, not concerted manner. We, therefore, see no evidence
of this ion-pair state playing a role in the creation of the ring-open
products observed in this experiment.

IV. CONCLUSIONS

Based on our analysis of the UED data, we conclude that the
ring-closed cyclopropyl radical dissociation product is the domi-
nant channel in the 200 nm wavelength photodissociation of gaseous
BCP and that the dissociation products form in less than 270 fs.
The branching ratio between ring-closed cyclopropyl radicals and
the minority ring-opened allyl radical products of C-Br bond cleav-
age was verified using three fitting approaches, including a new
double-differential method to enhance the differences between the
UED signals used as fitting basis functions for ring-closed and ring-
opened products. This method removes the contribution from the
C-Br bond dissociation, which produces a strong signal that is
present for both channels and obscures the differences between the
end-products in the diffraction signal. Our results are consistent
with previous velocity-map imaging experimental results® and our
theoretical TSHD simulations, suggesting that, while the majority
of excited BCP molecules yield cyclopropyl radicals after bromine-
atom dissociation, concerted ring-opening and C-Br bond fission is

ARTICLE pubs.aip.org/aipl/jcp

likely a minor reaction pathway. However, our experimental mea-
surements suggest that the yield of ring-opened dissociation prod-
ucts may be greater than predicted by theory. The double-differential
technique used here could also be applicable to other photodissocia-
tion UED experiments, allowing more precise differentiation of two
or more similar end-products.

SUPPLEMENTARY MATERIAL

The following information can be found in the supplementary
material: Sec. I. Diffraction theory: An overview of the theory used
in the analysis of electron diffraction data. Sec. II. Data processing
and additional analysis steps: An explanation of the steps taken to
process the raw diffraction images into the signals used in the data
analysis.
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