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S1 Valence electronic structure and UV /Vis absorption spectra of acetyl
halides
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Figure S1: Additional comparison between experimental and calculated UV /visible absorption spectra of gas-phase acetyl
halides, based on TDDFT and EOM-CCSD. Absorption cross sections of gas-phase AcCl (top panel), AcBr (middle
panel), and absorption spectrum of Acl at 32 Torr static pressure between 3.5 and 7 eV (bottom panel). Experimental
data for AcCl and AcBr are adapted with permission from Refs. 1 and 2, respectively.

In addition to EOM-CCSD calculations of the UV /visible absorption spectra of acetyl halides, herein, we also report
TDDEFT calculations of these spectra in Fig. S1, as we use TDDFT for the aiMD simulations. We computed TDDFT
spectra using ORCA v5.0.32 at the wB97X-D3* level using the aug-cc-pVTZ-DK basis set for C, H, O, Cl, and Br atoms
with the aug-cc-pwCVTZ-DK3 basis for 1.°~7 All TDDFT calculations employ a fine DefGrid3® quadrature and account
for scalar relativistic effects through the second-order Douglas-Kroll-Hess Hamiltonian® !! along with spin-orbit couplings
via the Breit-Pauli Hamiltonian. 12

S2 XUV absorption spectra of Acetyl Iodide

Whereas the absorption spectrum of acetyl iodide in Figure S2 shows only four sharp absorption features, the differential
measurement (using a mechanical shutter to more rapidly acquire reference spectra) is able to detect bleach features
associated with Acl at 61.2 and 62.9 eV, as seen in Figure S3. A broad negative differential absorption between 55 and
65 eV is overlapped with sharp induced absorption features at 55.5 and 57.5 eV, which are associated with free iodine.
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Figure S2: Raw experimental XUV absorption spectrum of acetyl iodide in comparison to CVS-EOM-CCSD calculations.
The measured spectrum shows a broad, 0.45-0.65 OD absorption over the entire detector range.
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Figure S3: Differential absorption spectrum of acetyl iodide at a time delay of 10 ps in comparison to CVS-EOM-CCSD
predicted spectrum. A negative change in OD is observed up to 65 eV and dips at 61.2 and 62.9 eV match between
experiment and calculations
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S3 Additional false color map

In Fig. S4, we provide the reader with an alternative color map figure for the experimental transient XUV spectra.
Additionally, data up to a delay of 1 ps is shown.
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Figure S4: Alternative false color map of the transient XUV absorption spectra of 266-nm excited gas-phase acetyl iodide
for time delays of -250 fs to 1 ps. Parallel pump and probe polarization was used for this data.
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S4 Description of the fit function

The rise of the atomic iodine absorption and the acetyl iodide bleach features, which trend towards global maximum
absolute intensities as a function of time, can be described by a cumulative distribution function with a rise time . When
convolved with a Gaussian IRF, we get the following equation, which we use to fit these data:

Srise(At) = So + A(1 + er f((At — to — tanipt) /o1rE) — (exp(0FRp—
—do(At —to — tenige)) [40%) (1 — er f((0F pp—
— 20(At — to — tsnigt))/(201rF0))))  (S1)
where So, A, tenife and o are fit parameters. Sy is the signal before tg, A is the amplitude of the signal at long time
delays, er f((At —to — tspife) is the error function, and At the experimental delay between pump and probe. orgp is the
instrument response function, o the extracted rise of the signal as reported in the main article, and tg4;f: the reported
offset to the experimentally verified true time-zero of tg.

The decay of the 47.1 eV feature to zero intensity as a function of time can be described by an exponential decay with
a decay time o. When convolved with a Gaussian IRF, the fit equation is given by

Sdeccay(At) = So + Alexp((0Fpp — 40 (At — to — tanige))/(407))
(1—erf((o7gr — 20(At — to — tanige))/(2(01rF)0))))  (S2)

where Sy, A, tspipe and o are again fit parameters, while here A describes the amplitude of the signal before it decays.
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Figure S5: Integrated differential absorbance of the 47.1 eV feature, which is subtracted by a scaled CDF of the signal
at 46.8 eV, resulting in the black curve (as reported in the main article).The black and red solid lines are fits to the
experimental data.

S5 Experimental data for perpendicular relative pump and probe polar-
izations

The main text discussed the transient spectral features for the parallel pump and probe polarization geometry. Here,
we describe the differences in our experimental results between the parallel and perpendicular polarization geometries.
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Figure S6: Differential absorbance between 54 and 57 eV for acetyl iodide integrated across time windows: 15 to 50 fs
and 175 to 1000 fs. In the early time window, we observe two peaks at 54.9 and 55.3 eV for perpendicular polarization,
whereas we only observe one peak at 55.3 eV for parallel polarization. In the later time window, we observe one peak at
55.5 eV for both polarizations.

Whereas the spectral features associated with the bleach of ground state Acl and the induced absorption of free I and I*
are identical for the two polarization geometries for time delays longer than 300 fs, at short, sub-100 fs time delays, the
differential absorption with perpendicular polarized pump and probe (p-polarized XUV and s-polarized UV) show subtle
differences from the parallel polarization case. In the perpendicular polarization geometry, the absorption features between
43 and 48 eV exhibit a o of 43+ 5 fs and an offset of 30 £5 fs for I (2P3/2 — 2D5/2) at 46.1 eV and I*(2P1/2 — 2D3/2) at
46.8 eV, which aligns with the findings for parallel polarization. However, a shift in center of mass for I* (2P, /2 = 2D, /2)
from 46.9 to 46.8 eV in the vicinity of ¢y is seen for the perpendicular polarization case that was only 20 meV in the
parallel polarization case. A more pronounced difference is observed for the spectral region of 54 to 57 eV. We compare
early time spectra (integrated across 15 fs < At < 50 fs) and late time spectra (integrated across 175 fs < At < 1 ps) in
the 54 to 57 eV range, as displayed in Figure S6. For both polarizations, there is a shift of the absorption maximum for
the I (4d — 5p) from 55.3 €V to 55.5 eV over the first 100 fs as described in the main manuscript, but for perpendicular
polarization, there is a separate feature at 54.9 eV at early time delays. We see an overlapping bleach centered at 54.5 eV
that influences the delay dependent differential absorption at 54.9 eV; in order to account for this, we subtract a scaled
Gaussian cumulative distribution function from the delay dependent differential absorption and extract temporal widths
and offsets. This fit of the temporal behavior of the 54.9 eV feature results in a width of 110 & 20 fs FWHM and a
maximum in time at 43 £ 10 fs with respect to tg.

At present, we refrain from interpreting the experimental perpendicular data, as theoretical methods are currently not
equipped and verified for predicting cross polarized spectra. This is because the tensor components of the polarization
are not recovered in normal linear response theories. To do so, a sum-over-states evaluation of the polarizability could
recover the tensor components but this technology is not implemented with the core-valence separation approximation
employed in the present calculation.
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S6 266 nm power dependence study
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Figure S7: Dependence of transient signal at the indicated energy ranges on 266 nm pulse energy, showing nearly one-
photon dependence. Vertical grey line indicates the chosen 266-nm pulse energy for acquiring the data presented in the
main paper.
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S7 Determination of the experimental time resolution
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Figure S8: Cross correlation measurement between the 266 nm and XUV pulses via ponderomotive shifting of the

2D5/2 — 2P3/2 transition in Xe.
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S8 Additional Theoretical Data
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Figure S9: Spin-orbit inclusive TDDFT calculation of the Ny s-edge spectrum of Acl using wB97X-D3. The aug-cc-
pVTZ-DK basis set was used for C, H, and O atoms with aug-cc-pwCVTZ-DK3 for I. Although this is consistent with our
treatment of valence excitations with TDDFT, the accuracy seems questionable due to spurious large bands appearing at
< 50 eV and > 60 eV that do not appear in CVS-EOM-CCSD calculations.

Figure S10: Examples of the I 5d orbitals that comprise the acceptor space for the two highest-energy doublet features
in the static Acl absorption spectrum as predicted by CCSD. The orbitals that contribute to these excitations are the (a)
5dyy Or 5dg2_y2, (b) 5d,. or 5d,, and (c) 5d.2. As can be seen, they are all strongly hybridized with the CoH30 orbitals.
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Figure S11: TDDFT potential energy surfaces along the C-I dissociation coordinate of acetyl iodide computed at the
wBI97X-D/Def2-ma-TZVPP level. Ground-state geometries were optimized at each step.
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Figure S12: Populations for each state across the TDDFT nonadiabatic molecular dynamics trajectory. These states
include 5 spin-pure singlets and 5 triplets, each with My=-1, M;=0, and M;=+1 components for a total of 20 states.
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Figure S13: <§2> at each snapshot along a 100 fs ab initio molecular dynamics trajectory. The point at which homolytic

bond cleavage is achieved is roughly the point at which <§ 2> = 2, which we observe at precisely 50 fs. The inset structures
show the geometries at ¢y and ¢ = 50 fs.
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Figure S14: Static absorption spectrum of 1 (2P3/2) and I* (2P1/2) as predicted by CCSD with atomic spin-orbit correc-
tions.
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