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UV-induced reaction pathways in bromoform probed with ultrafast
electron diffraction

Lars Hoffmann,2 Benjamin W. Toulson,! Jie Yang,3T Catherine A. Saladrigas,!? Alfred Zong,2# Sri
Bhavya Muvva,® Joao Pedro Figueira Nunes,>’ Alexander Reid,3 Andrew R. Attar,3 Duan Luo,3¢
Fuhao Ji,® Ming-Fu Lin,? Qingyuan Fan,? Stephen Weathersby,3 Xiaozhe Shen,? Xijie Wang,3"
Thomas J. A. Wolf,3 Daniel M. Neumark,2 Stephen R. Leone,26 Michael W. Zuerch,24 Martin Cen-
turion’ and Oliver Gessnerl*

1Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
ZDepartment of Chemistry, University of California, Berkeley, California, 94720, USA

3SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

4Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
SDepartment of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA
6Department of Physics, University of California, Berkeley, CA 94720, USA

ABSTRACT: For many chemical reactions it remains notoriously difficult to predict and experimentally determine the rates
and branching ratios between different reaction channels. This is particularly the case for reactions involving short-lived
intermediates, whose observation requires ultrafast methods. The UV photochemistry of bromoform (CHBr3) is among the
most intensely studied photoreactions. Yet, a detailed understanding of the chemical pathways leading to the production of
atomic Br and molecular Br: fragments has proven challenging. In particular, the role of isomerization and/or roaming and
their competition with direct C-Br bond scission has been a matter of continued debate. Here, gas-phase ultrafast megaelec-
tronvolt electron diffraction (MeV-UED) is used to directly study structural dynamics in bromoform after single 267 nm pho-
ton excitation with femtosecond temporal resolution. The results show unambiguously that isomerization contributes signif-
icantly to the early stages of the UV photochemistry of bromoform. In addition to direct C-Br bond breaking within <200 fs,
formation of iso-CHBr3 (Br-CH-Br-Br) is observed on the same timescale and with an isomer lifetime of >1.1 ps. The branching
ratio between direct dissociation and isomerization is determined to be 0.4+0.2:0.6£0.2, i.e., approximately 60% of molecules
undergo isomerization within the first few hundred femtoseconds after UV excitation. The structure and time of formation of
iso-CHBrs compare favorably with the results of an ab initio molecular dynamics simulation. The lifetime and interatomic
distances of the isomer are consistent with the involvement of a roaming reaction mechanism.

Introduction

The photochemistry of halogenated hydrocarbons is of
significant importance due to their atmospheric ozone dam-
aging capability.! Bromoform (CHBr3) is the primary pre-
cursor for atomic bromine in the troposphere as well as the
stratosphere, where it is particularly impactful due to the
high efficiency of catalytic ozone destruction.? Even though
the concentration of Br in the atmosphere is lower than that
of Cl, atomic bromine is ~40-100 times more efficient in de-
pleting ozone on a per atom basis.3* Despite numerous
studies that span more than three decades,>!! disentan-
gling the UV photochemistry of bromoform (CHBrs3) has
proven extraordinarily challenging. Experimental and theo-
retical yields for the UV induced elimination of Br2 mole-
cules, for example, vary by orders of magnitude and ultra-
fast spectroscopy experiments have not converged on a ca-
nonical picture for the reaction pathways that dominate the
earliest UV relaxation dynamics within the first few picosec-
onds after photoexcitation.

Multiple reaction intermediates and products are ener-
getically accessible by one-photon 267 nm (4.64¢eV,
448 kJ/mol) excitation:

CHBr3 + hv = CHBr2 + Br 267 k] /mol° M
CHBrs3 + hv — CHBr + Br: 349 kJ/mol° (I
CHBrs3 + hv = CBr2 + HBr 247 kJ/mol°  (1II)

CHBr3 + hv —» CBrs + H 402 kJ/mol'z2  (IV)
CHBrs3 + hv — iso-CHBr3 209 kJ/mol.3 V)

Energy values are stated relative to the CHBrs ground
state. Channel V refers to the formation of a Br-CH-Br-Br
isomer, where one of the parent molecule C-Br bonds is re-
moved and a C-Br-Br bond linkage is formed. Channel (I)
has previously been determined to be the dominant reac-
tion pathway at 267 nm, with a measured quantum yield of
0.76+0.03.7 The importance of Brz as a dissociation product
has been a matter of debate. For 267 nm excitation, quan-
tum yields of up to 0.16 have been reported.® However, it
has also been proposed that a considerable, potentially

1



dominating fraction of Br2 production in several experi-
ments has been due to multiphoton absorption via sequen-
tial excitation of CHBrs and an intermediate CHBr2 radi-
cal.%1415 No significant contributions from HBr and H prod-
ucts (Channels III and IV) after single photon excitation
around 267 nm have been reported.

The barrier for isomerization (Channel V) has been lo-
cated slightly below the threshold for direct dissociation to
form Br radicals (Channel I), implying an important role of
isomerization in bromoform photochemistry.!31617 For suf-
ficiently high excitation energies, the iso-CHBr3 configura-
tion is expected to be an important intermediate towards
both atomic Br elimination through Br-Br bond scission and
Br2 production by cleaving off the Br-Br fragment.!316-18 For
excitation with 267 nm radiation of isolated CHBrs mole-
cules, microcanonical transition-state (RRKM) calculations
predict that the majority of molecules (* 70%) will initially
undergo isomerization (Channel V), with the remaining
fraction undergoing direct dissociation to form atomic Br
(Channel I).13 These calculations also predict that iso-CHBr3,
once formed, will predominantly dissociate into CHBr2 + Br,
with the alternative CHBr + Brz dissociation contributing
only ~2%, corresponding to an overall molecular Br2 yield
of < 1.4%. The latter number takes into account the isom-
erization yield and the fact that the internal conversion
yield after UV excitation is less than unity.!? Until now, no
experimental determination of the branching ratio for the
formation of the parent molecular isomer after UV excita-
tion of bromoform has been achieved.

Most experimental studies of iso-CHBrs have been con-
ducted on bromoform in solution, usually in organic sol-
vents such as cyclohexane or acetonitrile.1%1920 The solvent
environment enables formation of iso-CHBr3 through a re-
combination mechanism that is not available in the gas
phase. In this mechanism, the radical fragments after C-Br
bond cleavage are confined by the solvent cage, eventually
leading to recombination to the isomer. The solvent also
dissipates excess energy to further stabilize and increase
the lifetime of iso-CHBr3, which can be on the order of pico-
seconds to microseconds and is strongly dependent on the
solvent.’® However, an alternative mechanism has also been
proposed, in which ultrafast concerted excited-state isom-
erization occurs through a conical intersection between the
lowest-lying singlet state of CHBr3 and the ground-state of
iso-CHBr3.2% This suggestion is based on the observation of
a sub-100 fs formation channel of iso-CHBr3, which is too
fast for recombination mediated by the solvent cage. UV-vis
transient absorption spectroscopy of gas-phase bromoform
using 250 nm excitation provided support for this hypothe-
sis, where a short-lived feature assigned to iso-CHBr3 has
been observed with rise and decay times of 50 fs and 85 fs,
respectively.'21 A combined femtosecond transient XUV
absorption and ab initio molecular dynamics (MD) study on
268 nm excited CHBr3 observed very similar timescales but
assigned a rather minor role of the isoform intermediate. In-
stead, the two characteristic timescales for spectral changes
were mainly associated with a very fast (~40 fs) initial sym-
metry change of the molecule due to the C-Br recoil action,

followed by a slower (= 85 fs) elimination of a Br frag-
ment.??

Evidently, the relative importance of the isomerization
pathway after UV excitation of isolated bromoform mole-
cules is still a matter of debate and requires further investi-
gation. Here, we probe the temporal evolution of the nuclear
geometries of CHBrs following 267 nm excitation by gas
phase ultrafast electron diffraction (UED). Femtosecond dy-
namics of the atomic rearrangements are reconstructed in
real-space from the momentum space UED traces, giving di-
rect insight into the isomerization and dissociation trajecto-
ries of bromoform with sub-Angstrom spatial resolution
and ~150 fs temporal resolution.23 Both momentum space
and real-space analyses of the UED data indicate a competi-
tion between direct dissociation into CHBr2+Br and the for-
mation of iso-CHBrs in the gas-phase. In contrast to previ-
ous findings that indicated a sub-100 fs lifetime of the iso-
form after 250 nm excitation,'1?! the UED measurements
suggest that iso-CHBr3 configurations are present for more
than 1 ps after 267 nm excitation. In fact, Br-CH-Br-Br for-
mation is found to account for (60£20)% of the initial UV
photoreaction yield, while (40+20)% of molecules undergo
direct dissociation to form atomic Br on sub-ps timescales.
The relative yields are close to those predicted by the RRKM
calculations of Kalume et al. (70% isomerization vs. 30% di-
rect dissociation at 267 nm excitation'?) for dynamics on
the electronic ground state. The observed rates of for-
mation, however, differ by approximately an order of mag-
nitude from the results of these calculations, which predict
isomerization within 4.2 ps, direct Br atom elimination
within 10 ps, and Br atom elimination after isomerization
within 370 fs. The observed isomerization within < 200 fs
and the structure of the isomer are reproduced by excited
state ab initio MD simulations. The UED data indicate that
both isomerization and direct dissociation proceed along
very similar molecular geometries up to ~200 fs after UV
excitation, when the two reaction pathways separate and ei-
ther result in the formation of the Br-CH-Br-Br isomer or
the ejection of a bromine atom (Br-CH-Br + Br). Two pic-
tures are discussed to rationalize the findings. In the first,
the molecular wavepacket reaches a saddle point of the
multidimensional potential energy surface (PES) after
~200 fs and small changes in the approach and the PES to-
pography may lead to significantly different outcomes of the
reaction. The second picture employs a roaming mecha-
nism, similar to the one proposed by Tarnovsky and co-
workers,121 but with the key distinction that dissociation of
the isoform appears to be much slower than previously sug-
gested, which could open a pathway for production of Br:
fragments on timescales >1 ps.

Experiment

The experiment utilizes the relativistic mega-electron-
volt (MeV) UED facility at SLAC National Accelerator Labor-
atory.24-27 A schematic of the experimental setup is shown
in Fig. 1. The sample (Bromoform, 99%) is commercially
purchased and used without further purification. Bromo-
form vapor is injected into a gas flow cell in the reaction
chamber with a vapor pressure of 670 Pa at 20 °C. A linearly
polarized pump laser with a central wavelength of 267 nm
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Figure 1. Schematic of the experimental setup. UV pump and electron probe coincide on the gas sample. The diffraction pattern is
collected on the first CCD camera while the undiffracted beam is detected at the second CCD camera. Inset: sketch of the scattering

process.

is focused in front of the 600 um diameter entrance hole of
the gas cell. The laser and the electron beam are operated at
a 360 Hz pulse repetition rate. The laser pulse duration is
estimated to 75fs and the nominal spot size to
265 um x 210 pm (horizontal x vertical, full-width-at-half-
maximum, FWHM). The UED data indicates an excitation ra-
tio of 0.5%, which corresponds to a pump fluence of approx-
imately 10 mJ/cm?. By using a 45° drilled-through mirror,
the pump beam is spatially overlapped with the electron
beam in close to parallel alignment (~3°). The electron
beam has a kinetic energy of 3.7 MeV and is focused to a
106 um x 182 um (horizontal x vertical, FWHM) spot. The
temporal width of the instrument response function is de-
termined to be < 150 fs (FWHM), using ultrafast heating of
bismuth (see Supporting Information (SI)).28 Diffraction im-
ages are recorded by a combination of a phosphor screen
(P43) with a center hole, a 45° mirror with a center hole,
and an electron multiplying charged-coupled device
(EMCCD) camera. Each image is integrated for 10 s before
read-out. The main undiffracted electron beam passes
through the hole in the first mirror and is then imaged by a
second phosphor screen/mirror/CCD camera setup, which
also includes a bending magnet (not shown) for electron en-
ergy spread measurements. As detailed in the SI, significant
efforts are made to ensure that multiphoton excitation pro-
cesses do not notably contribute to the observed dynamics.

Results

Figure 2 shows a) the modified scattering intensity sM(s)
and b) the atom pair distribution function PDF(r) for
ground state bromoform. Red curves are measured, blue
curves simulated using the independent atom model (IAM).
A detailed description of the IAM and the data analysis is
provided in the SI. The two most prominent features in the
PDF correspond to the C-Br and Br-Br distances in bromo-
form, centered at 1.93 A and 3.22 A, respectively. The

positions and amplitudes exhibit excellent agreement with
the simulated data that are based on the tabulated structure
of bromoform in the NIST database.?? Signals related to the
hydrogen atom are of much smaller amplitude as the scat-
tering intensity scales with the atomic number Z. We ex-
clude the hydrogen atom from further analysis and discus-
sion because its contribution to the overall scattering inten-
sity is too small to be discerned.

Figures 3a and 3b show false-color maps of the time-de-
pendent AI/I(At) and APDF(At) signals, respectively, for
pump-probe delays At between -0.6 and 1.1 ps. Here, Al re-
fers to scattering signal intensity differences induced by the
267 nm excitation and APDF to corresponding changes in
the PDF. To reduce noise, both maps are convoluted along
the time axis with a 150 fs FWHM Gaussian function.
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Figure 2. Static diffraction of bromoform. a) Modified scattering
intensity sM(s) in momentum space. b) Pair distribution func-
tion (PDF) of ground-state bromoform in real space obtained
by Fourier sine transformation of a). The color bars indicate
NIST tabulated atom pair distances. Red curves are from the
experiment, blue curves from a simulation using the independ-
ent atom scattering model.
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Figure 3. Time-dependent scattering results. a) The relative diffraction difference Al/I shows the time-dependent change of scatter-
ing intensities in momentum space. b) The experimental APDF indicates two different product channels (red signals): isomerization

(vertical features) and dissociation (diagonal feature).

Multiple features are readily apparent in Fig. 3b. At short inter-
atomic distances r < 4 A, two dominant negative (blue) signals
indicate the depletion of parent molecule C-Br (1.9 A) and Br-
Br (3.2 A) bond lengths, corresponding to the loss of ground
state population. For values r = 4 A, a series of positive (red)
signals reveals the appearance of multiple new interatomic dis-
tances after photoexcitation. Two types of photoinduced con-
figurations can be distinguished: one with constant distances
across the 1.1 ps range of positive pump-probe delays (vertical
red lines) and another one with a fast-increasing interatomic
distance, leading to the diagonal positive (red) signal marked
with a dashed arrow. The two vertical red features are centered
at approximately 4.5 A and 5.6 A. These values are within the
range of theoretical estimates of the C-Briso and Br-Briso bond
lengths in the relaxed Br-CH-Br-Br isomer configuration, which
vary between ~3.8-45A and ~4.8-5.84, respec-
tively.11.13,161822 Accordingly, we associate the vertical positive
signals with the emergence of the Br-CH-Br-Br isomer as indi-
cated in Fig. 3b. The average slope of the signal associated with
an increasing interatomic distance is ~8+2 A/ps. Given the un-
certainty of the slope reading, this value is in reasonable agree-
ment with the result of a recent MD simulation, which esti-
mates that the average Br-Br distance during direct, 268 nm
pump-induced dissociation increases by ~10 A/ps.22 Thus, we
associate the diagonal signal with direct dissociation of bromo-
form and the ultrafast release of a Br radical.

Analysis & Discussion

The real-space representation in Fig. 3b provides an intu-
itive assessment of the photoinduced structural changes in
the molecule. Yet, the finite detector range, in particular
around the central hole (Fig. 1), can lead to artifacts during
the sine transformation. In contrast, the momentum-space
representation provides a more pristine portrayal of the
data that is better suited for quantitative analysis of the dif-
ferent reaction pathways. Consequently, all quantitative

statements in this work are derived from fit procedures ap-
plied to momentum space data as described in the follow-
ing. We develop a description of the measured Al(s,At) dis-
tributions in momentum space based on a model that in-
cludes two pathways: isomerization (Channel V) and direct
dissociation (Channel I). To avoid too many degrees of free-
dom in the fit and hence ill-defined fit results, the dissocia-
tion channel is restricted to symmetric configurations with
the departing Br atom propagating along its original C-Br
bond axis, while the remaining molecular backbone is kept
frozen. In contrast, no symmetry restriction is applied to the
isomerization channel and interatomic distances can vary
across a wide range of values. Details of the model and fit
procedure are provided in the SI. After performing the mo-
mentum-space fit of the UED data, self-consistency of the re-
sulting time-dependent molecular configurations and
branching ratios is verified by comparing the real space
transform of the fit results with the experimental APDF(At)
map.

The global fit results in momentum space are shown in
Fig. 4a. Figure 4b shows the real space transform of the fit
results and Fig. 4c an average of 113 trajectories from MD
simulations, which exhibits a similar slope of the dissocia-
tive Br signal. The fit extends across a momentum range of
0.8 A - 6 A. APDF is convoluted with a 150 fs (FWHM) wide
Gaussian along the time delay axis to reduce the impact of
noise. The map in Fig. 4b matches the experimental APDF in
Fig. 3b well, confirming self-consistency of the two-channel
relaxation model and the momentum space analysis. A more
detailed discussion in the SI also shows that the key features
of the experimental APDF are qualitatively unaffected by
the limited momentum range of the measurements. Even
though the global fit uses a simplified model, it provides a
good match to the experimental data.
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respectively. Their vertical offset corresponds to an expected delay due to the larger mass of the Br atoms compared to the C atom.

In addition to the smooth isomerization trajectory trends
seen in Fig. 4b,d, we have also considered the possibility
that the time-dependent intensity modulations noticeable
in Fig. 3b in the range of the isomer may be connected to
vibrational dynamics. However, the apparent intensity
modulation period of ~500 fs does not map well onto any of
the calculated vibrational modes of iso-CHBr3.1%13 While we
cannot exclude that the modulations are related to the su-
perposition of several vibrational modes, we refrain from
reading such a level of detail into the currently available
data.

Note that the two-channel global fit model described
above is applicable only for the range At = 200-1100 fs,
where the isomer and dissociative molecule signals are

separable (see Figs. 3b, 4b). Data for shorter delays are fit-
ted separately, using a two-structure approach where both
geometries can vary freely, but the branching ratio between
the two channels is fixed to the ratio derived in the global
long-delay range fit. Figure 4d shows the key atomic pair
distances of the dissociation and isomerization trajectory
for early delays between -200 fs and 400 fs. See SI for details
and a comparison of the experimental trajectories to the re-
sults of the MD simulations.

Interestingly, the C-Br distances of the direct dissociation
and the isomerization pathways evolve identically up to
~200 fs after UV excitation. From this point onward, the
two curves separate rapidly, whereby the dissociative mo-
tion appears to accelerate, while the isomerization curves
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flatten out, indicating that iso-CHBr3 has been formed and is
stable on the timescale of the measurement. In contrast, in
the MD calculations, the trajectories passing by the isomer
geometry continue toward dissociation more quickly (see
SI). For delays < 200 fs, the increase in C-Br distance nota-
bly precedes the corresponding increase in Br-Br distances
for both the UED measurement (horizontal dotted lines) as
well as the MD simulations. This effect is due to the rela-
tively light carbon atom accelerating faster than the three
heavy bromine atoms during the first tens of femtoseconds
after excitation. The fact that the UED results reproduce this
subtle detail of the intramolecular dynamics lends addi-
tional credence to the technique and the analysis performed
herein.

Figure 5 shows a comparison of the experimentally deter-
mined isomer structure (red crosses with vertical error
bars) with various theoretical predictions (horizontal
bars).1113161822 The theoretical estimates straddle the ex-
perimental values of 2.9 A, 4.4 A and 5.6 A for the Bry-Bre, C-
Bry and Bra-Bry interatomic distances, respectively, with
most theoretical values contained within the experimental
uncertainty. Overall, best agreement is achieved between
the experiment and the minimum energy iso-CHBr3 config-
uration calculated by Toulson et al. for the T1 surface, which
is considered the primary excited state at 267 nm.22 We
note, however, that most of the reported isomer configura-
tions for both ground (So)!%1316-18 and excited (T1)?? elec-
tronic states are compatible with the experimental results
reported here within their uncertainties. Thus, the elec-
tronic character of the observed isoform remains to be de-
termined.

The UED results shown in Fig. 5 provide the first experi-
mental characterization consistent with the long-predicted

Br-CH-Br-Br isomer configuration that is accessed after UV
excitation of bromoform. In contrast to the findings of our
previous work, using femtosecond XUV transient absorp-
tion measurements in combination with ab-initio MD simu-
lations,?? the UED measurements presented here indicate
that the isomer configuration plays a substantial role for the
267 nm pump-induced UV photochemistry of bromoform.
From the momentum fit results presented in Fig. 4a, the
branching ratio between the two reaction channels is deter-
mined to be 0.4 = 0.2 for the direct dissociation and 0.6 + 0.2
for the isomer channel. The uncertainties are estimated by
the method described by Cumpson and Seah.3? Details are
provided in the SI. The measurements show that the reac-
tion pathways for the majority of photoexcited molecules
proceed through the isomer geometry. This observation
agrees with the results of RRKM calculations by Kalume et
al. for hot electronic ground state molecules,® which pre-
dict that approximately 70% of bromoform molecules
would undergo isomerization after 267 nm excitation,
while the remaining 30% would directly dissociate to re-
lease a Br atom. This ratio lies within the uncertainty range
of the experimental values presented here. The lifetime of
the isomer, however, indicated by the UED results, is signif-
icantly longer than previously reported. Based on a series of
gas phase ultrafast visible transient absorption spectros-
copy measurements, Tarnovsky and co-workers concluded
that the isomer is formed on a sub-100 fs timescale and dis-
sociates within less than 200 fs after photoexcitation with
250 nm.1121 In the measurements presented here, the iso-
mer forms within 200 fs and is stable for atleast 1.1 ps after
the 267 nm excitation. While the difference in excitation en-
ergies could potentially play a role for the discrepancy, it is
interesting to note that the overall timescale for the appear-
ance and decay of the isomer reported previously is very
similar to the timescale observed here during which both
the directly dissociating population of molecules and the
molecules that reach the isomer pass through a region of
very similar geometries (Fig. 4d). Thus, to a certain degree,
it may become a matter of semantics for the earliest dynam-
ics whether a particular intermediate configuration may be
termed a very short-lived isomer or a dissociating molecule.
Yet, the longer-lived isomer population observed here has
clearly been missed by previous experiments. The trajecto-
ries of the photoexcited bromoform molecules will sample
a large range of geometries and the distinction between
isomerization and direct dissociation will not always be
clear-cut. However, the results shown in Fig. 4 clearly
demonstrate that a distinct separation of pathways is taking
place approximately 200 fs after photoexcitation, whereby
~40 % of molecules expel a Br radical, while ~60 % of the
excited population form a Br-CH-Br-Br isomer with a life-
time beyond 1.1 ps.

For bromoform in solution, isomer lifetimes from pico-
seconds to nanoseconds have been reported.1%1? But unlike
the solvent case, iso-CHBr3 in the gas phase is unable to be
stabilized by energy transfer to its surroundings. The exper-
imentally observed >1.1 ps gas phase isomer lifetime is
longer than the 370 fs isomer dissociation timescale pre-
dicted by Reid and co-workers (for 267 nm excitation)
based on ground state RRKM calculations.!® The ~200 fs

6



appearance time of the isomer in the UED experiment devi-
ates even further from the RRKM results, which predict
isomerization within 4.2 ps. Considering that, as noted
above, the RRKM determined branching ratio between
isomerization and direct dissociation agrees quite well with
the experiment, it is surprising that the absolute rates for
the different reaction channels differ significantly from the
measurements. The dominant Br radical production chan-
nel in the calculations is through isomerization within
4.2 ps, followed by dissociation within 370 fs, which would
lead to a Br signal in the experiment with a slowly (multiple
ps) rising edge that is delayed by a few hundred fs com-
pared to zero pump-probe delay. In contrast, the experi-
mental signal appears within ~200 fs and remains constant
within the experimental resolution. As shown in Fig. S11,
the earliest dynamics and the rate of formation of the iso-
mer agrees reasonably well with the results of a previous
MD simulation launched on the Ti electronic surface.?? The
same calculation, however, severely underestimates the rel-
ative yield and stability of the isoform.

A possible explanation for these observations is that the
molecular wavepackets encounter a saddle point of the
multi-dimensional potential energy surface (PES) approxi-
mately 200 fs after UV excitation. In this picture, slight var-
iations in the approach of the saddle point by the wavepack-
ets may lead to distinctly different outcomes. Encountering
a steep slope along the C-Br coordinate in the vicinity of the
saddle point leads to accelerated dissociation, while isom-
erization takes place within the flatter region of the PES.
Predicting the precise PES structure and, consequently, the
dynamics in the vicinity of such saddle points are notori-
ously challenging.31-33 Very small variations can lead to sig-
nificantly different outcomes, which may explain the dis-
crepancy between the ~2% isomerization yield predicted
by the MD simulations?? and the ~60% yield determined
here.

Another, related mechanism to consider is a roaming re-
action. Here, a radical does not completely separate from a
molecule, but enters an extended trajectory in its vicinity,
which can lead to reattachment and/or intramolecular ab-
straction.3+37 Indeed, a roaming type reaction was previ-
ously reported for 250 nm excited CHBrs3, in which one of
the Br atoms migrates towards another Br atom to transi-
ently form a geometry reminiscent of iso-CHBr3.1! Albeit,
the calculated trajectory followed that of a direct dissocia-
tion and did not approach the optimized iso-CHBr3 struc-
ture. The formation and decay of the transient structure,
primarily by Br radical abstraction, was indicated to be
complete within ~200 fs.112! In contrast, the isoform ob-
served here matches the theoretically predicted structure,
forms within 200 fs and persists for at least 1.1 ps. Several
aspects of the UED results are consistent with the involve-
ment of a roaming-type mechanism.

The definition of roaming reactions has evolved over time
as more knowledge is gained regarding their various forms
of manifestation.343841 One recently proposed definition re-
fers to a roaming reaction as “one that yields products via
reorientational motion in the long-range (3-8 A) region of
the potential” and, more generally, refers to this range as

the van der Waals region.343740 The ultrafast isomerization
of bromoform as seen in Fig. 4 and 5 involves the formation
of a metastable Br.-Br, bond with a ~3 A atom-atom spac-
ing. While the boundaries of the above roaming definition
are somewhat soft and may depend to a certain degree on
the size of the participating atoms, the dynamics and intra-
molecular distances observed here appear to fall within the
range of possible roaming trajectory candidates.*?

The large discrepancy of the observed rates of formation
and decay to RRKM calculations may also indicate that
isomerization does not proceed through a transition state
but could involve roaming trajectories that are not captured
by RRKM rates. Moreover, a common characteristic of
roaming type reactions is that they proceed in flat regions
of the PES landscape, typically associated with low frequen-
cies and relatively long timescales, up to nanoseconds.3441:43
This aspect of roaming is consistent with the observed
>1.1 ps lifetime of iso-CHBr3. We note, however, that none
of the described observations provide definitive evidence
for the involvement of a roaming-like reaction pathway.
Clearly, more theoretical work is needed to further eluci-
date the mechanism underlying the observed dynamics,
which is beyond the scope of this work.

An important aspect of this much needed work is the de-
termination of the electronic character of the observed iso-
form. UV excitation from the So ground state with 267 nm
corresponds to an n(Br) = o*(C-Br) transition, i.e., the pro-
motion of an electron from a nonbonding Br orbital to a o*
orbital along the C-Br bond.®2° For excitation wavelengths
>240 nm, it has been proposed that contributions from ei-
ther the triplet® or the singlet? manifold of low-lying elec-
tronic states dominate the initially excited configuration.
Based on the calculated energies and oscillator strengths for
transitions from So in the region ~240 nm - 270 nm,® which
are entirely dominated by the triplet manifold, we conclude
that the 267 nm excitation in the current experiment pre-
dominantly populates the lowest lying triplet state, d3A:
(“T1™), possibly with some contributions from the slightly
higher lying b3E (“T.”) and 341 (“Ts”) states. Accordingly,
the MD simulations in ref. [22] were initiated on the T1 sur-
face. See additional details in the SI. The calculations do not
include spin-orbit coupling, which limits the range of acces-
sible potential energy surfaces to the triplet manifold. Pre-
vious studies, however, concentrated on calculating iso-
bromoform configurations in the So singlet electronic
ground state,!11316-18 often in the context of modeling the
emergence of molecular fragments after UV excitation (see
below). Tarnovsky and co-workers proposed that, upon
250 nm excitation, the molecular wavepacket is launched
on the S; state and relaxes back to a hot So configuration
within less than ~40 fs due to efficient S1/So coupling via a
conical intersection.'>2! In this picture, a ground state iso-
form is present almost immediately after passage through
the CI and has a lifetime of less than 150 fs, leading to disso-
ciation into CHBr2 + Br within less than ~200 fs after pho-
toexcitation. Given the extremely short timescales involved
and the rather symmetric trajectories predicted in these
studies, they would be indistinguishable from the direct dis-
sociation path in the current UED study. Thus, a different
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mechanism must be at play to explain the much more slowly
(~200 fs) appearing and much longer (> 1.1 ps) lived iso-
form configurations observed here. Given all available in-
formation, we speculate that an MD simulation similar to
that in ref. [22] but extended to include spin-orbit coupling
and allowing for relaxation to the So ground state surface
may provide a path toward a better understanding of the
configurations and dynamics reported herein. Additionally,
the inclusion of excitations to the higher lying triplet states
T2, T3 may prove valuable.

The experimental observation of a prominent isomeriza-
tion pathway adds to the discussion about the relative im-
portance of atomic and molecular UV photoproduct yields
of bromoform. Using vacuum ultraviolet resonance fluores-
cence spectroscopy, Bayes et al. determined a quantum
yield of 0.76 £ 0.03 for the elimination of atomic Br radicals
after 266 nm excitation (Channel I),” but left open the ques-
tion of which products are responsible for the remaining
24% yield. Experiments by Xu et al. using time-of-flight
mass spectrometry,® and by Huang et al. using cavity ring-
down spectroscopy'® determined molecular Br2 product
yields of 16%, 23%, and 26% for excitation with 267 nm,
248 nm, and 234 nm, respectively. Several other groups,
however, have pointed out the possibility that a substantial
fraction of Brz products may originate from multiphoton ab-
sorption processes during sequential, multistep excitation-
dissociation processes.”415 Molecular elimination from
polyhaloalkanes following multiphoton excitation has been
well documented.*+#¢ For single-photon excitation of bro-
moform with 248 nm, the upper limit for the Br2 product
yield has been estimated to 0.002 from VUV ionization pho-
tofragment translational spectroscopy,” and a transient
XUV absorption study at 268 nm did not reveal any appre-
ciable yield of Br2 products within 10 ps after photoexcita-
tion. Based on the signal-to-noise level of the experiment,
the upper limit for Brz production within this timeframe
was estimated to ~4%.2? Calculated yields for UV-induced
Br2 elimination in isolated CHBrs are on the level of a few
percent or less.!32! However, as the absolute rates for dif-
ferent relaxation pathways from the RRKM calculations de-
viate significantly from the ones observed in the UED exper-
iment, there is a possibility that the branching ratio of
atomic vs molecular products from isomer dissociation may
also need to be reevaluated. The longer lifetime of the ex-
perimentally observed isomer compared to the theoretical
estimate could provide the basis for a higher Brz product
yield than originally predicted. An increased isomer lifetime
extends the timescale available for intramolecular vibra-
tional energy redistribution (IVR) and, thus, increases the
chance that bonds other than the Br-Br bond be weakened
and undergo scission. The observed indicators for a roam-
ing type reaction mechanism involving >1.1 ps timescales
may provide further opportunity for intramolecular radical-
radical reactions that can lead to Br2 abstraction.

Conclusion

The presented UED study firmly establishes isomeriza-
tion as a very prominent relaxation pathway after 267 nm

excitation of isolated bromoform molecules and provides
key benchmarks regarding the isomer structure, dynamic

preponderance, and a lower bound for the lifetime. The
most obvious next steps to take are to extend the UED ex-
periments to longer timescales and to further advance ex-
isting theoretical calculations. UED at extended pump-
probe delays will determine the isoform lifetime and pro-
vide information on the relative yields of atomic versus mo-
lecular products emerging from isomer dissociation. Signif-
icantly expanded MD simulations?? that include additional
coupling mechanisms, cover longer trajectories with higher
precision, and explore roaming as a potential pathway to
iso-CHBr3 would be extremely valuable to determine the
fundamental mechanisms underlying the observed dynam-
ics. We hope that the new experimental insights provided
will stimulate such efforts.
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