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Ultrafast solvent-modulated roaming
mechanism in bromoform revealed by
femtosecond X-ray solution scattering
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Roaming-mediated isomerization is a universal reaction mechanism in pho-
tochemistry, yet solvent-dependent pathways of roaming intermediates
remain poorly understood, particularly for environmentally relevant halogen
compounds involved in ozone depletion. Here, using femtosecond time-
resolved X-ray solution scattering, we resolve the solvent-dependent roaming
dynamics of CHBr; in methanol and methylcyclohexane. By combining multi-
method experimental analysis, machine learning-assisted ab initio molecular
dynamics simulations, and density functional theory calculations, we uncover
distinct solvent-steered reaction pathways. In methanol, roaming enhances
solute-solvent interactions, leading to solvolysis before a stable isomer forms.
In methylcyclohexane, roaming facilitates isomerization to a long-lived iso-
CHBr,-Br product. Direct dissociation into CHBr, + Br competes with both
pathways in either solvent. By tracking bond-length oscillations and angular
dynamics in real time, we visualize how the condensed-phase environment
governs the branching ratio between competing pathways. Our findings
establish solute-solvent interactions as key factors controlling roaming-
mediated reactions in CHBr3, with broad implications for photochemical
outcomes in solution.

Ultraviolet (UV) irradiation of poly-halomethanes releases reactive destructive to ozone than other halogens”. As photoactivation is
halogens, driving catalytic ozone depletion in the atmosphere. Among  indispensable in Br, release from CHBr;**, understanding its photo-
these compounds, bromoform (CHBr5) is the most abundant natural chemical reaction mechanism is essential for elucidating its role in
source of bromine (Br,), a halogen that is over 100 times more atmospheric photochemistry. In the gas phase, CHBr; undergoes UV-
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induced roaming-mediated isomerization in less than 500 fs — a non-
traditional dissociation pathway where transiently dissociated frag-
ments reorient via roaming trajectories to form a metastable species,
iso-CHBr,-Br, before Br, release™®. First identified in formaldehyde,
roaming has since been observed in triatomic and tetratomic mole-
cules and has redefined mechanistic understanding across a broad
range of photochemical systems’™. A recent study even proposed
roaming between water vapor and Criegee intermediates, linking it to
atmospheric aerosol formation™.

However, the current mechanistic picture of CHBr3, derived lar-
gely from gas-phase studies, overlooks a critical environmental reality:
CHBr; is primarily emitted from marine biogenic sources, such as
phytoplankton and macroalgae'®. Consequently, a fraction of
atmospheric CHBr; resides in condensed-phase environments,
including stratospheric aerosols and marine boundary layer
droplets”?, where solvent interactions are expected to significantly
reshape photochemical pathways?* . Indeed, ultrafast optical spec-
troscopic and theoretical investigations have revealed that the iso-
merization mechanism is highly dependent on the surrounding
environment®’?°, The iso-CHBr,-Br can be generated through
roaming-mediated isomerization in a few hundreds of femtoseconds
or through solvation cage induced germinate recombination of the
CHBr, and Br radicals on picosecond timescales®”. In addition, the
lifetime of the iso-CHBr2-Br relies strongly on the properties of sol-
vents; it is metastable in non-polar solvents such as methylcyclohexane
and cyclohexane from several nanoseconds to microseconds®, but
relaxes quickly within one nanosecond in polar solvents such as
acetonitrile’® and within a few picoseconds in CCl,*.

While optical probes are valuable for tracking excited-state
dynamics, their indirect sensitivity to structural changes imposes
fundamental limitations. In contrast, time-resolved X-ray solution
scattering (TRXSS) offers Angstrom-scale spatial resolution, enabling
direct visualization of transient structural dynamics during photo-
chemical reactions® . Previous picosecond TRXSS studies of CHBr in
methanol could not capture the iso-CHBr,-Br intermediate and
instead revealed the formation of CH;0CHBr, and HBr, suggesting an
ultrafast solvent-mediated reaction pathway in which the isomer
rapidly reacts with the solvent™®. A similar reaction with water has been
observed by time-resolved Raman spectroscopy with a timescale of
1.5 ps™. Conversely, the isomer remains stable in methylcyclohexane,
as confirmed by our picosecond TRXSS results and previous transient
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optical spectroscopic studies®®*®. These previous studies have shown
that the stable or hot CHBr,-Br isomer can undergo an O-H insertion/
HBr elimination reaction with CH3;O0H or H,0. However, the reported
lifetimes of this isomer, less than 1.5 ps in H,0% and less than 100 ps in
methanol*®, remain ambiguous. This ambiguity arises partly from the
limited temporal resolution of synchrotron-based TRXSS (~-100 ps),
which cannot access the sub-picosecond timescales where key
branching events are likely to occur.

Here, we employ femtosecond TRXSS at the European X-ray Free-
electron Laser (EuXFEL), in conjunction with machine-learning-
supported ab initio molecular dynamics (AIMD) simulations and den-
sity functional theory (DFT) calculations, to directly visualize the
photochemical dynamics of CHBr3; in methanol and methylcyclohex-
ane. Our TRXSS results, which are directly sensitive to molecular
structures of reacting species in solution, confirm that roaming
dynamics initiates universally at the onset of photochemical reaction
in both solvents. However, solvent-specific interactions lead to distinct
outcomes. In the hydroxyl-rich environment of methanol, solute-
solvent interactions quench the roaming-mediated pathway of the hot
CHBr,-Br isomer, preventing it from forming the equilibrium stable
iso-CHBr;, the hot CHBr,-Br isomer then undergoes subsequent
methanolysis reaction, producing secondary CH;OCHBr, and
HBr***?_ In contrast, the nonpolar environment of methylcyclohex-
ane stabilizes the roaming-mediated isomers without solvolysis?***. By
determining a -~ 385fs lifetime for the hot CHBr,-Br isomer in metha-
nol, our findings reveal how solvent interactions steer CHBr3’s pho-
tochemical trajectories from the first few hundreds of femtoseconds,
providing atomic-scale insight into how condensed-phase environ-
ments determine the fate of photochemical products.

Results and discussions

We excited CHBr; in methanol and methylcyclohexane using 267 nm
UV pulses and conducted TRXSS measurements at the FXE instrument
of the EuXFEL (Fig. 1)*°*'. Photoexcitation of CHBr3; pumps it from the
ground state (Sp) to a mixed manifold occupied by both the singlet (S;)
and triplet (7, and possibly higher b’E (T>) and &A, (T3)) states, with S
likely dominating. Both S; and T; states are repulsive towards CHBr,- +
Br-, with the former having a stronger dissociative character. The Ty
state is populated either directly upon excitation or indirectly via an
intersystem crossing (ISC) from the §; state and internal conversion
from possible higher triplet states"*****>*, From T;, the molecule
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Fig. 1| Schematic of the TRXSS setup. CHBr; in methanol or methylcyclohexane is
pumped through a cylindrical nozzle, generating a 100 um-diameter circular liquid
jet. The jet is excited by a femtosecond optical pulse at 267 nm, and a delayed X-ray

pulse is used to probe the excited liquid. The scattered signals are collected by a
Large-Pixel Detector.
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Fig. 2 | Photochemical reaction dynamics of CHBr; in methanol. a TRXSS
measurements on photoexcited CHBr3 in methanol. b Proposed photoinduced
kinetic model of CHBr; in methanol. Carbon (cyan), bromine (red-pink), hydrogen
(gray), oxygen (red). ¢ Atomic motion fitting (AMF) data of the C-Br, distance in the
direct dissociation pathway (red) and cage-induced methanolysis pathway (green).
d AMF data of the roaming-mediated methanolysis pathway: the C-Br, distance,

Bry-Br, distance, and C-Bry-Br. angle evolution. e Time-dependent transient
population changes obtained from AMF analysis. Error bars in panels (c-e) repre-
sent the intervals of the respective optimized fitting parameters, such as inter-
atomic distances, angles, and species concentrations, within which a maximum 5%
increase in x* from the global minimum value derived from a set of approximately
1000 randomly generated structures for each time delay.

undergoes structural rearrangement leading to alternative isomeric
products’. Experimental details are provided in the Supplementary
Information (SI).

The TRXSS signals of photoexcited CHBr3 in methanol show clear
shifts in momentum transfer (q) within the first ps (Fig. 2a), indicative
of ultrafast structural rearrangements. Linear combination fitting
(LCF) of theoretical solute/cage signals and experimental solvent
scattering to the experimental data® rules out isomer formation and
identifies CH30CHBr, and HBr as the primary products after 400 fs
(Supplementary Fig. 3; see Supplementary Note 3 for LCF details). The
concentration profiles (Supplementary Fig. 3b) reveal ultrafast pho-
todissociation of CHBr; upon excitation, generating CHBr, and Br
within 150 fs. These species decay rapidly, while the methanolysis
products CH;0CHBr;, and HBr (CHBr;* + CH;0H > CH30CHBTr, + HBr)
start to appear at delays > 200 fs. This time offset implies the invol-
vement of transient intermediates between excited CHBr; and the
methanolysis products, suggesting that the early reaction dynamics
extend beyond simple photodissociation and methanolysis pathways.
After 300fs, the decay of CHBr, and Br slows down markedly, coin-
ciding with a gradual accumulation of CH;0CHBr;, and HBr at a com-
parably reduced rate. This correlation suggests that methanolysis is
driven by CHBr; and Br at late time delays. By 1ps, the concentration of
the majority of species begins to stabilize, with the remaining slower
methanolysis component persisting for several picoseconds. Notably,
the formation of CH;0CHBr;, and HBr exhibits biphasic kinetics within
the first picosecond, suggesting multiple types of mechanisms in the
reaction pathway.

To further elucidate competing photodissociation pathways, we
applied Singular Value Decomposition (SVD) to the TRXSS data of
photoexcited CHBr; in methanol (see Supplementary Note 4 for SVD
details). The analysis yielded three characteristic timescales:

11=462+45fs, 1,=386+25fs, and 13=4.75+2.4 ps, with an instru-
ment response function (IRF) of 151+ 22 fs (Supplementary Figs. 7, 8).
The first component (7; = 460 fs) corresponds to bulk solvent heating,
showing good agreement with both our LCF analysis (471 fs; Supple-
mentary Fig. 5) and previously reported value*®. The second, some-
what shorter timescale (7, = 386 fs), may be associated with a roaming-
mediated process of CHBr3, potentially involving transient structural
evolution prior to methanolysis. This timescale is comparable to values
reported for similar roaming dynamics**%, The longest timescale
(3 =4.75 ps) appears to correspond to a slower methanolysis pathway
involving diffusing CHBr, and Br fragments. In this case, fragment
separation may enable stochastic solute-solvent encounters that
ultimately lead to the formation of CH;0CHBr, and HBr.

Preliminary analysis using LCF and SVD suggested the presence of
multiple reaction pathways and provided initial estimates for their
lifetimes and branching ratios. Based on these parameters and
according to the proposed scheme in Fig. 2b, a kinetic model was
constructed, which served as the basis for global fitting analysis (GFA,
see Supplementary Note 5 for details). By fitting TRXSS data to this
model, GFA refined the initial estimates and offered further support
for the proposed framework. Photoexcitation triggers ultrafast C-Br
bond cleavage (<150 fs), producing CHBr; and Br, which subsequently
bifurcate into two competing pathways: (1) Roaming-mediated
methanolysis (52 +18% branching), where CH;0CHBr, and HBr are
formed within 385 + 80 fs; (2) Direct dissociation (48 +16% branching),
where 65% of CHBr, and Br undergo solvent-cage-induced methano-
lysis in 4.4+0.9 ps, while the remaining 35% persist beyond the
nanosecond timescale?”?**®, The dissociation-to-methanolysis ratio
(1:2.5) at 1ps is comparable to previous synchrotron-based TRXSS
results®®. The kinetic traces derived from GFA show good agreement
with those obtained from LCF (Supplementary Fig. 11a) as well.
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Previous study indicated that CHBr; isomerization passes through the
S1/So conical intersection in ~29 fs’, while our data illustrate that the
resulting hot CHBr,-Br isomer reacts with methanol at ~385fs. This
prolonged timescale confirms that the methanolysis reaction occurs
after the system undergoes an electronic transition from the excited
state to the Sp ground state.

With the kinetic model, we aimed to characterize the transient
intermediates bridging the excited CHBr3 and the methanolysis pro-
ducts. These hot intermediates are likely not at the local minimum on
the potential energy surface (PES), which are challenging to model
theoretically. To address this point, we performed atomic motion fit-
ting (AMF) of the TRXSS data over the critical first 600 fs with
numerically constructed transient structures involving various geo-
metries along the reaction PES®. This AMF approach (see Supplemen-
tary Note 6 for details) enabled direct insight into ultrafast structural
reorganizations along distinct photoreaction coordinates. Specifically,
we considered structural configurations representative of the three
proposed mechanistic channels — roaming-mediated methanolysis,
direct dissociation, and cage-induced methanolysis — as guided by the
GFA results. AMF was focused on transient changes in key reactive
structural motifs involving carbon and bromine atoms, including C-Br
bond lengths, Br-C-Br bond angles, and Br-C-Br-Br dihedral angles®.
To comprehensively explore the relevant configurational space, che-
mically reasonable ranges were defined for each degree of freedom. A
random sampling approach was employed to generate -1,000 struc-
turally diverse geometries within these constraints*’.

The dissociation pathway exhibits two distinct behaviors (Fig. 2c).
In a direct dissociation reaction, C-Br. increases from 1.94 A to -6.5 A
by 150fs. In cage-induced methanolysis, limited C-Br. separation
(-4.5A at 200fs) and unexpected contraction to -3.5A by 600 fs
illustrate the collisions between the fragments and solvent molecules,
facilitating solvent-mediated reorganization to CH;OCHBr, and HBr.

In roaming-mediated methanolysis (Fig. 2d), the ground state
CHBr; (C-Bre: 1.94A; Bre-Bry,: 3.22A; C-Bry-Bre: 34°) undergoes
ultrafast structural reorganization within 100 fs after excitation: C-Br.
bond elongates to 3.75 A, while Br.-Bry, contracts to ~2.6 A, accom-
panied by a sharp expansion of the C-Br,—-Br. angle to 108°. These
changes in internal coordinates indicate that the CHBr, and Br frag-
ments undergo a roaming motion, which forms a hot CHBr,-Br isomer.
Subsequent oscillations (100-600 fs) in bond lengths (C-Br.: 3-3.8 A;
Br.-Bry,: 2.2-3 A) and C-Bry-Br, angle (80-120°) of the hot CHBr,-Br
isomer enhance methanol encounters, progressively driving metha-
nolysis. Similar roaming-mediated behaviors have been observed in
previous studies®®. Detailed structural dynamics of CHBr5 in methanol
at early time delays are displayed in Supplementary Fig. 13.

The transient population dynamics of the key structures involved
in the three mechanistic pathways are shown in Fig. 2e. The con-
centrations of the representative structures associated with the direct
dissociation and roaming-mediated methanolysis pathways rapidly
stabilized at 0.5 mM and 0.8 mM, respectively, within 200 fs. In con-
trast, the population associated with the cage-induced methanolysis
pathway gradually increased to ~0.3 mM at 300 fs, suggesting a slower
interaction with the cage environment. The combined AMF-GFA ana-
lysis resolves the transient structural dynamics during the reaction’s
critical initiation phase (Supplementary Fig. 14). This approach pro-
vides substantially better agreement between theoretical and experi-
mental scattering signals (Supplementary Fig. 14c), with residuals
(Supplementary Fig. 14b) markedly reduced at early times compared
to pure global fitting (Supplementary Fig. 11c).

Figure 3a shows the experimental TRXSS signal of photoexcited
CHBr; in methylcyclohexane. The LCF analysis (Supplementary Fig. 4)
reveals the formation of the CHBr,-Br isomer and direct dissociation
products CHBr, +Br, with both populations peaking within 400 fs.
Notably, the CHBr,-Br isomer appears ~100 fs later than the dissocia-
tion products, indicating precursor-mediated isomer formation*’. This

time delay results from the formation of the T; potential energy sur-
face, which is populated either directly upon excitation or indirectly
viaISC from S; state and internal conversion from higher triplet excited
states within the mixed excitation manifold. The concurrent temporal
evolution of the product concentrations demonstrates that the
growths of the dissociated radicals and the CHBr,-Br isomer are cou-
pled over picoseconds.

We performed SVD analysis of the TRXSS data in Fig. 3a, isolating
a dominant component (Supplementary Fig. 9). Fitting the corre-
sponding first right singular vector (RSV;) (Supplementary Fig. 10)
gave an IRF of 153 + 33 fs, matching our methanol measurements. Two
lifetimes were resolved: a fast component (<150 fs) and a slower one
(373+66fs), corresponding to different product formation
timescales.

The fittings (solid lines, Supplementary Fig. 4) of the LCF-derived
kinetics for the two reaction pathways confirm photoproduct forma-
tion within the instrument resolution (150 fs). This observation rules
out a stable precursor and supports a roaming-mediated isomerization
mechanism involving transient structural rearrangements**®,
although slightly delayed compared to the competing direct dis-
sociation. The fitted lifetime agrees with the shorter component
resolved by SVD. LCF further quantified solvent heating dynamics,
revealing a single-exponential temperature rise (408 +27 fs, Supple-
mentary Fig. 6), which matches the slower SVD component
(373 £ 66 fs). Together, LCF and SVD analysis show that both dis-
sociation and isomerization proceed on the ultrafast timescale, though
isomer formation involves a more complex pathway, with a delayed
appearance due to roaming-mediated rearrangements (Supplemen-
tary Fig. 4). The observed ~100fs delay reflects the early-time elec-
tronic and nuclear dynamics of the spin-mixed n(Br)->¢*(C-Br) excited-
state manifold populated at 267 nm. Following photoexcitation, the
wavepacket rapidly departs the Franck-Condon region, undergoes
ultrafast spin equilibration and internal conversion among nearly
degenerate singlet and triplet states, and approaches regions of strong
nonadiabatic coupling between 7; and So. Formation of the CHBr,-Br
roaming configuration thus occurs only after this joint
electronic-nuclear evolution, naturally accounting for the measured
temporal offset.

To probe the transient structural evolution leading to isomer and
radical formation, we analyzed the TRXSS data within the first 600 fs
using AMF method (Supplementary Fig. 18). In the direct dissociation
pathway (Fig. 3c), C-Br. bond elongation occurs in three distinct
phases: 0-50 fs, rapid elongation from 1.94 A to 4.39 A (0.049 A/fs),
approaching the C-Br dissociation threshold. 50-150fs, slowed
extension to 5.8 A (0.0141 A/fs), indicating solvent drag effects. 150-
300 fs, further deceleration to 6.5 A (0.0047 A/fs) as energy dissipates
through solvent collisions. Beyond 300 fs, the separation distance of
C-Br. reaches a plateau, indicating loss of geminate correlation
between CHBr, and Br, which is in close agreement with LCF-derived
product formation timescales.

In contrast, isomerization proceeds via changes in three primary
coordinates: C-Br. and Br.-Br, distances, and the C-Bry,-Br. angle
(Fig. 3d). 0-50 fs, the angle increases from 34° to 57° (0.46°/fs), while
C-Br. elongates to 3.31A (0.0274 A/fs) and Br.~Bry, expands to 3.93 A
(0.0142 A/fs), consistent with an early-time reorientation of the CHBr,
and Br fragments. 50-100 fs, the angle rapidly rises to 118° (1.22°/fs),
while Br.—Bry, sharply contracts to 2.4 A (-0.031 A/fs), forming a hot
CHBr,-Br isomer. 100-150fs, the angle decreases to 98° (-0.46°/fs),
and Br.-Bry, modestly increases to 2.67 A (0.0054 A/fs), indicating
early stabilization of the hot CHBr,-Br isomer. The observed non-
monotonic dynamics trace a roaming-mediated transition to a vibra-
tionally hot configuration by 150 fs (C-Br. = 3.44 A, Br.-Br, = 2.67 A,
/C-Bryp-Br. = 95°), thereby confirming that a delayed structural rear-
rangement precedes and ultimately leads to the formation of a hot
isomer. Our observations are consistent with previous reports on

Nature Communications | (2026)17:2514


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69374-4

a

1.0
* e ¢ S1IA0 | 5240 o sop @
*] 0’&\9 © 5015 © : '
019 @ 50 fs 100fs © “200fs © “300fs > + ©
2 o6 -
e Dissociation ()
> 50% . .
§ 0.4 0.00 CHBr, Br
og° 93°
Q -
£ 02§ Q/b‘“ g/b\o
[ 30A: S39A 55 F42A
-0.19 95° ,’ X
0.0 Wkg 200 fs 300 fs
R . 2 7A'¢‘l 34A
- oaming ) Vibration ;
0.2 T T T T U -0.38 - -
1 2 IR 5 6 CHBr, 50% 150 fs @ iso-CHB,-Br
q (A
C d e so S—
84 —O— C-Br, dissocaition 1401—0O— C-Br,-Br, O Dissociation
1207 O Roaming-mediated isomerization
74 100 64 )
@ 80 =
<6 2 60 £ é Y Og{)
< < 0 48 éﬁ@o
Q o H
© 57 20 = Og ! ©
g, 5/—0O— C-Br, Br,-Br, £32 AME LCF
a < g i
3 q 4 I L 5 ®
e 3 O 1.6
2 @s, 2 © CHBr,+Br-
) & 2loooad 0,0.@@@@@ © iso-CHBr,-Br
T T T T T T T T T T T T T T T T T T T T T T T T T
-02 -04 00 01 02 03 04 05 06 -02 -04 00 01 02 03 04 05 06 02 00 02 04 06 08 10

Time delay (ps)

Fig. 3 | Photochemical reaction dynamics of CHBr; in methylcyclohexane.

a TRXSS data of photoexcited CHBr; in methylcyclohexane. b Proposed kinetic
model for photoexcited CHBr3 in methylcyclohexane. ¢ AMF obtained C-Br bond
distance evolution in the direct dissociation pathway. d AMF obtained structural
dynamics for the roaming-mediated isomerization pathway: C-Br, distance, Bry,-Br,
distance, and C-Br,-Br angle. Error bars represent the intervals of the optimized
structural parameters, such as interatomic distances and angles, that result in a
maximum 5% increase in x* from the global minimum value, derived from

Time delay (ps)

Time delay (ps)

approximately 1000 randomly generated structures for each time delay. e Time-
dependent population changes of transient species within 600 fs obtained from
AMEF analysis and concentrations of dissociation products and isomers after 600 fs
obtained from LCF analysis. Error bars represent the intervals of the species con-
centrations obtained using selected optimized structures in AMF analysis for time
delays earlier than 600 fs. For time delays beyond 600 fs, error bars indicate one
standard deviation of the concentrations for each component, extracted from LCF
over five independent measurements.

roaming-mediated dynamics in similar systems>®. The subsequent
weak oscillations (150-600 fs) reflect vibrational relaxation around the
stabilized isomer.

The roaming dynamics on T; ultimately relax to the ground-state
(So) surface via T1/Sq interaction, as evidenced by our DFT calculations
(Supplementary Fig. 27; see Supplementary Note 8 for details). Our
structural analysis shows that the Br atom and CHBr, fragment
roaming most likely proceeds on T; surface within the first 100 fs and
yields a hot CHBr,-Br isomer by ~150 fs in the Sy state. Consequently,
the weak oscillations observed from 150 to 600 fs, which reflect
vibrational relaxation around the stabilized isomer, are assigned to
dynamics on the Sy potential energy surface.

AMF also quantifies the temporal evolution of key structural
populations (Fig. 3e). Both pathways contribute simultaneously at
early time delays, reconciling the initial temporal (-100fs) offset
between isomerization and dissociation. The excellent agreement
between LCF, AMF, and experimental TRXSS data (Supplementary
Fig. 18) robustly supports these mechanistic conclusions.

To elucidate the solvent-dependent roaming behavior of CHBr;
observed experimentally, we complemented our studies with ab initio
molecular dynamics (AIMD) simulations and density functional theory
(DFT) calculations in methanol and methylcyclohexane. These calcu-
lations offer atomistic insights into the mechanistic origins of the
solvent-controlled reactivity contrast.

We employed the ab initio molecular dynamics (AIMD) based on
the unrestricted Kohn-Sham method, combined with machine learning
potentials, to probe the triplet excited-state (7;) dynamics of CHBr; in
methanol and methylcyclohexane>**** (see Supplementary Note 7 for
details). Our simulations were conducted on the T, excited state due to
the ultrafast ISC from §; to Ty, which makes the triplet excited state the

dominant channel for the subsequent photochemical dynamics, spe-
cifically relevant for the roaming process. Correlation plots of intera-
tomic distances, specifically Br,-Br. versus Br,-Br. (Fig. 4a, b),
effectively capture the trajectory-dependent behavior of the dis-
sociating bromine atom (Br.). Trajectories along the diagonal corre-
spond to symmetric dissociation, where Br, and Br, remain equidistant
from Br,, indicative of direct dissociation and negligible roaming. Off-
diagonal excursions indicate a transient asymmetry in the Br-Br
separations, signifying a reorientation of both the CHBr, and Br frag-
ments. These excursions are clear signatures of CHBr,-Br isomer
structures formed via roaming-mediated dynamics, and their sub-
sequent oscillations represent the vibrational motion of these tran-
sient intermediates™®.

In methanol (Fig. 4a), simulations reveal a rapid dissociation of the
Br. radical from the CHBr, fragment. A representative trajectory (red
trace) illustrates structural evolution at 50 fs (point B), 200 fs (point C),
and 300 fs (point D). Within the first 50fs, rapid Br. dissociation
occurs, followed by distinctive roaming behavior that leads to tran-
sient configurations. Notably, this involves an expansion of the
C-Bry-Br, angle from 32° to 104° and an increase in the Br,—-Br, dis-
tance from 3.2A to 5.4 A, indicative of roaming-mediated reaction.
Although explicit solvent coordination between CHBr; and methanol
was not directly modeled due to computational constraints, the
simulated structural dynamics align well with the experimental
observations (Supplementary Fig. 21). The simulation also illustrates a
significantly smaller solvation cage for CHBr3 in methanol (Supple-
mentary Fig. 23), indicating a stronger solute-solvent interaction.
These AIMD results suggest that vibrational motions of isomer-like
structures facilitate methanolysis by promoting solute-solvent
collisions.
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Fig. 4 | Ab initio molecular dynamics (AIMD) Simulations and DFT calculation.
a, b Correlation between the dissociating Br. and the retained Br, and Bry, in the
CHBr, fragment. a Trajectories of CHBr; in methanol. Green triangles indicate
representative structures at O fs, 50 fs, 200 fs, and 300 fs along the roaming path-
way. b Trajectories of CHBr; in methylcyclohexane. The green triangle represents

the geometry close to the stable isomer along the roaming pathway at 240 fs.
Orange triangles correspond to structures at O fs, 100 fs, and 200 fs during the
dissociation process. The time-dependent distances between Br. and Br,/Br;, reflect
structural reorganization during the reaction. ¢ DFT calculated potential energy
surfaces for the roaming-mediated methanolysis pathway.

Simulations of CHBr; in methylcyclohexane (highlighted in red in
Fig. 4b) reveal pronounced roaming-mediated isomerization. By
240fs, the geometry converges distinctly toward iso-CHBr,-Br, con-
sistent with the experimentally determined isomerization timescale.
Simultaneously, in the direct dissociation channel, the Bry,-Br. dis-
tance increases from 3.2 A to 5.4 A by 200 fs, while the C-Br, distance
shortens from 4.7 A (100 fs) to 4.0 A (200 fs), indicating rotation of the
CHBr, fragment around the Br,-Br, axis. A detailed comparison
between AIMD simulations and AMF results further confirms our
experimental findings (Supplementary Fig. 22).

To evaluate the influence of solvent-cage environments, we ana-
lyzed the simulated radial distribution function (RDF) of ground-state
CHBr; in methanol and methylcyclohexane (Supplementary Fig. 23).
The cage radius in methanol (3.1A) is significantly smaller than in
methylcyclohexane (5.66 A), indicating a more confined environment
in methanol. This distinction explains the observed mechanistic dif-
ferences: the spacious, gas-phase-like cage in methylcyclohexane
facilitates roaming-mediated isomerization, while the compact
hydroxyl-rich environment of methanol hinders relaxation of the hot
CHBr,-Br isomer to the equilibrated ground-state iso-CHBr; and
instead promotes methanolysis.

DFT calculations reveal the energetic landscape of the roaming-
mediated methanolysis reaction (Fig. 4c). The dissociated Br atom
dynamically reorients relative to the CHBr, radical and the methanol
molecule, eventually forming a stable reaction complex (RC). This RC
overcomes a modest 1.8 kcal/mol energy barrier via a transition state,
yielding CH;0OCHBr, and HBr (Supplementary Figs. 24-26 and Sup-
plementary Table 2 for detailed structural parameters and reaction
dynamics). Together with experimental results, these computations
establish a unified mechanistic picture that explains the solvent-
dependent competition between dissociation, isomerization, and
methanolysis pathways.

This study provides direct structural evidence of how solvent
interactions govern the ultrafast photochemistry of halomethanes. By
combining femtosecond TRXSS and advanced theoretical simulations,
we demonstrate that CHBr3 undergoes roaming-mediated isomer
formation within 150 fs in both methanol and methylcyclohexane—
establishing this non-classical pathway as a universal feature in the
condensed phase. The subsequent fate of the roaming intermediates is
then determined by the solvent environment. The solvent interactions
and cage effect in methanol facilitate the ultrafast methanolysis,
leading to the formation of CH;0CHBr, and HBr within -385 fs, while
the inert methylcyclohexane solvent stabilizes the roaming isomer.
The synergy between femtosecond TRXSS and theoretical simulations
emerges as a powerful approach for resolving solvent-dependent

structural dynamics. Combined with our earlier work®, these findings
established a complete mechanistic picture of CHBr; photochemical
dynamics in solution from femtosecond bond cleavage to micro-
second bromine (Br;) formation. These findings highlight the pivotal
role of solvent interactions in steering ultrafast photochemical path-
ways, offering a mechanistic framework for understanding the pho-
tochemical reactivity of environmentally relevant species in complex
media, such as aerosols, droplets, and biological interfaces.

Methods

Femtosecond time-resolved X-ray solution scattering (fs-TRXSS)
Time-resolved X-ray solution scattering (TRXSS) experiments were
performed at the FXE instrument of the European XFEL using a pump-
probe configuration*®*. Solutions of bromoform in methanol or
methylcyclohexane (40 mM) were used to probe reaction dynamics,
while 4-bromo-4’-(N, N-diethylamino)-azobenzene (2 mM) in the same
solvents was used to measure solvent heating signals®’. Photoexcita-
tion was achieved with 267 nm laser pulses of 70 fs duration, focused
to 70 x 70 um? (FWHM) at the liquid jet. X-ray probe pulses (-50 fs)
were focused to 15 x 15 pum? (FWHM), and scattered signals were
recorded using a Large Pixel Detector (LPD) positioned 238 mm from
the jet. Momentum transfer was defined as g =4msin(6)/1 (where 8 is
the scattering angle and A the X-ray wavelength) and reached 6 A-.
Two-dimensional scattering patterns of CHBr; in methanol or
methylcyclohexane were collected over time delays ranging from
-0.2 ps to 1 ps with a step size of 50 fs. To probe the long-time kinetics,
scattering data were acquired at selected longer delays up to 10 ps
(Supplementary Figs. 3 and 4). Two-dimensional scattering patterns of
the dye were recorded at a fixed delay of 10 ps. Each dataset was
measured in five independent runs to ensure reproducibility. Detailed
information on data acquisition is provided in Supplementary Note 1.

Extraction of difference scattering signals
One-dimensional scattering profiles S(g) were obtained by azimuthal
integration of 2D scattering maps. Difference scattering signals AS(q)
were computed for each laser-on/off pulse pair and averaged across all
pairs to give the final difference profile. The averaged AS(g) was
weighted by g (as gAS(q)) to highlight high-angle features.

2D maps were decomposed into isotropic and anisotropic com-
ponents using a second-order Legendre polynomial expansion®. The
isotropic component reflects solute structural changes and
solute-solvent interactions (Figs. 2a, 3a). The anisotropic component
reflects ultrafast solvent reorientation along the laser polarization axis
(Supplementary Fig. 1a, c). The temporal evolution of the anisotropic
signals was fitted with a Gaussian-exponential model to determine
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solvent reorientation times and the instrument response function (IRF)
(Supplementary Fig. 1b, d). Details of signal extraction and processing
are provided in Supplementary Note 1.

Linear combination fitting analysis of difference scattering
signals

The isotropic difference scattering signals were first analyzed using
Linear Combination Fitting (LCF) to extract the time-dependent
coefficients of different transient species. The data were modeled as
a linear combination of solute, cage (the solute-solvent interaction),
and solvent-heating contributions. The solvent-heating term (43) p Was
derived from the TRXSS measurement of azo-dye*’. Theoretical scat-
tering curves for all species were calculated based on density func-
tional theory optimized structures and molecular dynamics simulated
cages***> %, LCF was performed at each time delay by minimizing the
figure of merit (y%) following the formula:

0;

2
XZ - zn: (Astheory (qi ) —AS experiment (qi ))

i=1

where g; is the standard deviation of the scattering signal at the i-th q
value for the given time delay. The full description of the LCF strategy
is provided in Supplementary Note 3.

Singular value decomposition analysis of difference scattering
signals

Singular value decomposition (SVD) was applied to the isotropic
TRXSS data to determine the number of statistically significant com-
ponents and their associated kinetics. The significance of components
was evaluated through singular value magnitudes and the auto-
correlation of the singular vectors. The right singular vectors (RSVs)
were modeled using multi-exponential functions convolved with IRF.
Further details on the SVD and RSV fitting are provided in Supple-
mentary Note 4.

Global fitting analysis of difference scattering signals

Global fitting analysis (GFA) was performed to construct a kinetic
model that consistently describes the TRXSS signals of CHBr; in
methanol across all momentum-transfer space and time-delay ranges.
The kinetic model was constructed by integrating LCF concentration
profiles with time constants identified by SVD. This approach provides
physically informed constraints on both the reaction pathways and the
associated time scales. The model treats roaming-mediated iso-
merization and direct bond dissociation as competing parallel chan-
nels, therefore containing multiple adjustable parameters, including
the branching ratio between the two dissociation pathways, the char-
acteristic time constants associated with secondary reaction steps, and
the fraction of unreacted species. A total of 500 sets of initial para-
meters for the model were randomly sampled within these bounds and
used as initial points for global fitting. Detailed kinetic fitting process
and the parameter sampling strategy are described in Supplemen-
tary Note 5.

Atomic motion fitting of early (<600 fs) difference scattering
signals

To resolve ultrafast structural evolution, Atomic Motion Fitting (AMF)
was employed to refine transient molecular geometries within the first
600 fs. Transient structures were constructed by varying heavy-atom
positions (C and three Br atoms) while constraining the hydrogen
atom, which has a negligible X-ray scattering contribution. This strat-
egy reduces the number of independent degrees of freedom while
preserving the physically relevant structural changes. The geometry
was parameterized using spherical coordinates to maintain molecular
symmetry. Structural models representing the distinct pathways

identified by GFA were refined by minimizing the figure of merit x*.
Structural uncertainties were estimated by randomly sampling 1000
initial structures at each time delay and retaining optimized geome-
tries with x* values within a narrow threshold within 1.05 times the
global minimum*®. A comprehensive description of the structural
representation and fitting constraints is provided in Supplementary
Note 6. All LCF, SVD, GFA, and AMF were performed using MATLAB
R2024a.

Ab-initio molecular dynamics simulations

Ab initio molecular dynamics (AIMD) simulations were performed to
investigate the photochemical dynamics of CHBr; in solution.
Electronic-structure calculations were carried out using the van der
Waals-corrected hybrid functional PBEh(40%)-rVV10*. Simulations
were carried out for CHBr; in methanol and methylcyclohexane at
room temperature, considering both the electronic ground state and
the triplet excited state.

Machine-learning potentials based on the MACE framework®’
were trained on configurations sampled from ground-state and triplet-
state (7;) AIMD simulations and used to enable long-timescale mole-
cular dynamics. Ground-state trajectories of CHBr; solvated in
methanol and methylcyclohexane were propagated for 100 ps under
NPT conditions at 300 K and 1bar. Excited-state dynamics were initi-
ated from configurations sampled along the equilibrated ground-state
trajectories and propagated on the triplet-state potential energy sur-
face for 2 ps in the NVE ensemble. Molecular dynamics simulations
were performed with i-Pl, and electronic-structure calculations were
carried out using CP2K. Details of the simulation parameters are pro-
vided in Supplementary Note 7.

Density functional theory (DFT) calculations

DFT calculations were performed to investigate the roaming-mediated
reaction between bromoform and methanol. Geometry optimizations,
vibrational frequency analyses, and transition-state searches were
carried out using Gaussian 16 at the CAM-B3LYP/6-311 + + G(3df,3pd)
level of theory’*® (Supplementary Fig. 24). Transition states were
validated by frequency and intrinsic reaction coordinate (IRC) calcu-
lations connecting the corresponding reactants and products (Sup-
plementary Figs. 25, 26). Potential energy profiles along the IRC were
calculated for the So and 77 surfaces of CHBr; at the same level of
theory (Supplementary Fig. 27). Detailed computational procedures
and structural parameters are provided in Supplementary Note 8.

Data availability

Source data used to generate all figures in the main text and Supple-
mentary Information are provided. This includes the processed data
required to reproduce the key findings of this study. The raw TRXSS
images are archived on the EuXFEL data storage server and are avail-
able from the corresponding author upon request. Source data are
provided with this paper.
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