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THE QUIET POWER OF A NAME

A field can be transformed not only by a new reagent or
a new instrument, but by a new word. Over the past

Abstract

Time-resolved x-ray and electron scattering now follow the changing structures of
molecules directly, on femtosecond timescales and sub-angstrom length scales.
The community has long captured this achievement in one evocative phrase: the
molecular movie. Yet that phrase names a product, the movie one obtains, rather
than the practice that produces it. Drawing an explicit analogy to molecular editing
in organic synthesis, where an action-oriented reframing helped reorganize and
reinvigorate a broad area of synthesis, | propose molecular filming as a complemen-
tary, action-oriented paradigm in which the experimentalist is the director of an
atomic-scale movie. Building on more than two decades of my own group’s molec-
ular filming, spanning ultrafast electron diffraction, time-resolved x-ray liquidogra-
phy, and time-resolved serial femtosecond crystallography, | survey the field as a
set of directorial choices: which trigger to call “Action!”, which imaging modality to
use, which phase of matter to study, what temporal and structural information to
capture, and how to reconstruct molecular structure from the resulting data. These
choices encompass x-ray and electron scattering, complementary structural probes,
and increasingly automated, machine-learning-assisted analysis. | then make this
logic explicit as a grammar of molecular filming that mirrors the cut-and-paste logic
of molecular editing while describing motion rather than connectivity. Naming the
practice, | argue, does for structural dynamics what naming molecular editing did
for synthesis: it organizes a heterogeneous field, re-values what a product-focused
view overlooks, and turns “we made a movie of X” into the sharper question
“which scene can we not yet shoot?” | close by identifying the field’s defining fron-
tier: extending molecular filming from photoinduced unimolecular reactions to the
thermal bimolecular reactions that dominate synthesis, and advancing from the
structures of intermediates to those of transition states and conical intersections,
and thus to the reaction coordinate itself.

KEYWORDS
molecular filming, molecular movie, reaction dynamics, time-resolved x-ray liquidography, ultrafast
electron diffraction

several years, synthetic organic chemistry has been visibly
energized by the idea of molecular editing: the ambition
to build onto, change, or prune a finished molecule one
atom at a time, whether at its periphery or within its
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skeleton, with transformations mild and selective enough
to be deployed at the late stages of a synthesis."? Its shar-
pest subclass, single-atom skeletal editing, treats ring con-
traction, ring expansion, atom insertion, deletion, and
atom-for-atom transmutation as a coherent “cut-and-
paste” logic operating directly on the molecular core.??

It is worth being precise about how this reframing did
its work, because the mechanism is instructive. Three ele-
ments stand out. First, an action-oriented banner appeared
and gave a scattered set of transformations a single name.*
Second, reactions that had existed for decades but had
been seen as isolated, sometimes underappreciated curiosi-
ties (ring expansions, heteroatom interconversions) were
suddenly legible as instances of one capability, and so
attracted renewed attention.” Third, the new framing ener-
gized and directed the community: new single-atom inser-
tion, deletion, and transmutation methods were developed,
reviews and perspectives proliferated, and dedicated
reagents were commercialized, providing external validation
that the language tracked real, usable chemistry rather than
mere nomenclature.'** An action verb reorganized a body
of knowledge and, in doing so, helped energize a broad
area of research.

| want to argue that ultrafast structural science is posi-
tioned for an analogous reframing, and to introduce
molecular filming for the purpose. For more than two
decades, the community has described its achievement
with one memorable image, the molecular movie,’® and
the image has been extraordinarily successful. But
“molecular movie” names the product: the artifact one
obtains. “Molecular filming” names the act of making it,
and thereby foregrounds the experimentalist as an active
agent who triggers, captures, and reconstructs. Both para-
digms take the molecule itself as their object: where
molecular editing manipulates its connectivity in space,
molecular filming captures its structure in time (Table 1,
Figure 1). My thesis is that making this practice explicit
(giving it a grammar that can be taught, extended, and
deliberately pushed) can do for structural dynamics what
naming molecular editing did for synthesis.

MOLECULAR MOVIE VERSUS MOLECULAR
FILMING: PRODUCT VERSUS PRACTICE

A working definition. Molecular filming is the deliberate
acquisition and assembly of time-ordered structural
frames of a molecular system in order to reconstruct the
continuous motion of its atoms during a chemical or
physical event. A single static structure, however beauti-
ful, is a photograph; a movie is a sequence in which the
meaning lives in the changes between frames. The
resulting artifact is the molecular movie; the practice that
produces it is molecular filming. | keep this product-
versus-practice distinction throughout.

This distinction separates filming both from ordinary
kinetics and from static structure determination. Classical

TABLE 1 Two complementary paradigms.

Molecular editing Molecular filming

Domain of Space (connectivity) Time (motion)

action

Central What should the molecule How does the

question be? molecule behave?

Names Operation on a structure Practice that records

the... motion

Elementary  The atom on the skeleton The structural frame

unit in time

Core Insert, delete, transmute Trigger, capture,

operations (with ring expansion / resolve, assemble,
contraction as reconstruct
consequences)

Final An edited molecule A molecular movie

product

Enabling Selective late-stage Ultrafast cameras (x-

tools reactions rays, electrons, light)

Note: Molecular editing operates on connectivity in space; molecular filming
operates on motion in time. The rows are a teaching scaffold, not a strict, one-
to-one correspondence.

kinetics measures when populations change but is largely
blind to where the atoms are; static crystallography and
spectroscopy resolve structure but freeze time. Molecular
filming insists on both axes at once: structural resolution
and temporal resolution, so that each frame is a genuine
molecular geometry and the frames are spaced finely
enough to render motion continuous. Scattering, the
workhorse probe of filming, brings a further useful prop-
erty: it has no formally dark states. Unlike spectroscopic
probes, for which particular states can be optically dark,
every structure present contributes, in principle, to the
scattering pattern. Detectability, however, is weighted by
scattering power and concentration. Because x-ray scat-
tering scales with the number of electrons (roughly as Z?),
hydrogen atoms, with only one electron each, are hard to
see; a dilute or weakly scattering intermediate, or a subtle
structural change, can sink below the noise and so
become effectively dark; and in solution the bulk-solvent
(heating) response can overwhelm the solute signal and
must be disentangled from the solute and cage contribu-
tions, as discussed in the edit suite (“The Shutter and the
Edit Suite” section). In short, no state is formally dark, but
not every state is easily seen.’

The conceptual foundations were laid by two comple-
mentary advances. Femtochemistry established that the
elementary events of bond breaking and formation occur
on the femtosecond timescale and can be clocked with
ultrafast lasers, earning the 1999 Nobel Prize and giving
the field its temporal axis.'"®?’ What femtochemistry
largely inferred from spectroscopic signatures, ultrafast
diffraction renders directly in real space®: with sufficiently
bright and brief electron and x-ray pulses it became pos-
sible to “make the molecular movie,” a phrase established
in the literature from 2005 onward and since adopted
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Molecular Editing Molecular Filming
operations in space (connectivity) operations in time (motion)
NH
nitrogen deletion
3 V ~* ~o—* o—e—o
—N
+ + + —> time
piperidine cyclopentane assembled frames = molecular movie
A . J

FIGURE 1 The proposed analogy. Molecular editing rewrites connectivity in space by inserting, deleting, or transmuting a single, defined atom on
a molecular skeleton: Here, nitrogen deletion of a secondary amine’ excises the ring nitrogen of piperidine and forges the new C-C bond (bold) of
cyclopentane. Molecular filming records geometry in time: A series of structural frames, each a molecular shape at a delay t;, assembled into a

continuous movie of atomic motion.

across the field.”®*® Molecular filming is the name | give
to the union of these ideas, generalized beyond any sin-
gle technique, and reframed from the product to the
practice.

This real-space rendering deserves an honest qualifica-
tion, because the cinematic metaphor can otherwise mis-
lead. With rare exceptions, a molecular movie is not a
recording of a single molecule but an ensemble measure-
ment: each frame is averaged over the enormous number
of molecules that scatter during a probe pulse. In the gas
and liquid phases that ensemble is also orientationally disor-
dered, so the raw data are a one-dimensional, orientation-
averaged signal in reciprocal space, from which the real-
space structure must be reconstructed rather than read off.
That reconstruction is an inverse problem and can be non-
unique (different structural models may reproduce the same
averaged curve), so each frame is only as firm as the physi-
cal constraints, priors, and complementary data used to
select the correct structure from among those competing
models; this is why post-production is not cosmetic but
where much of the scientific content is decided (see “The
Shutter and the Edit Suite” section). Crystals restore three-
dimensional, oriented information through Bragg diffraction,
yet the movie is still an average over many unit cells and
carries its own inverse problem in the phases; and even a
coherent-wavepacket movie, which captures in-phase
nuclear motion rather than a static population average,
remains a measurement over an ensemble. A molecular
movie is therefore best understood as a model of averaged
structural change reconstructed from indirect data, not a
direct optical recording of one molecule, a distinction that
adds to the method’s rigor rather than detracting from
it. Filming a genuinely single molecule, free of ensemble
and orientational averaging, remains a more distant frontier,
though approaches toward it, such as single-object scatter-
ing sampling, have been proposed.?®™'

Two clarifications of scope and naming close this sec-
tion. First, although scattering and diffraction have been
the workhorses of filming, the practice is not limited to

them: complementary probes reconstruct structural trajec-
tories by other means, including time-resolved Coulomb
explosion imaging (CEI),>*** time-resolved photoelectron
diffraction (TR-PED),>* and laser-induced electron diffrac-
tion (LIED)*”; I introduce each of these as a camera, with its
operating principle, in “The Cameras and the Locations”
section. Second, the cinematic imagery is not itself new:
individual experiments have long been described with the
verb “to film,” from x-ray “filming” of atomic motions in
solution® to the filming of ionization dynamics by time-
resolved CEI’?; what | add is not the metaphor but its for-
malization into a named, structured practice with an
explicit grammar. Throughout, | reserve molecular movie
for the artifact and deliberately avoid molecular film, a term
already used for a thin molecular layer (see “A Note on
Nomenclature: What Molecular Filming Is Not” section).

A word on scope closes the point. Molecular filming,
as defined here, aims at direct structural information, the
real-space geometry of the atoms and its evolution in
time. Time-resolved optical and vibrational spectros-
copies, such as transient absorption, two-dimensional
electronic spectroscopy, femtosecond fluorescence, and
time-resolved infrared spectroscopy, report chiefly on
electronic and vibrational states, energy levels, and cou-
plings rather than directly on atomic coordinates; they
provide indispensable dynamical and kinetic context, and
| treat them as complementary to filming rather than as
filming itself, consistent with the femtochemistry-
versus-diffraction distinction drawn above’*’* The
boundary is softer for methods whose observables
encode geometry. Two-dimensional infrared (2D IR) spec-
troscopy, for one, reads out the couplings between vibra-
tional modes, and because those couplings depend on
the distances and relative orientations of the oscillators, it
can yield relatively direct, if model-dependent, structural
information on conformation and its changes.*®
Structure-sensitive x-ray spectroscopies report structure
more directly still: time-resolved x-ray absorption and
emission spectroscopy (XAS and XES), including the x-ray
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absorption near-edge structure (XANES) and extended
x-ray absorption fine structure (EXAFS) regimes, report
local geometry, coordination number, and oxidation or
spin state, so where they deliver geometry they shade
into filming, and | regard them as close complements that
can themselves act as cameras.*’~*°

SCENES FROM A WORKING LABORATORY

The fastest way to convey what molecular filming means
is to watch it at work. The examples that follow were all
filmed in my own group; each adds a new capability
rather than merely a new molecule, and together they
trace the practice from its origin in the gas phase to its
current reach. The molecular “actors” of these representa-
tive movies are collected in Figure 2.

The origin: Imaging a transient structure (gas
phase)

The pursuit of time-resolved electron diffraction predates
its femtosecond, chemical-dynamics era: in the 1980s and
early 1990s, stroboscopic gas-phase electron diffraction of
short-lived and photoexcited species and picosecond
electron diffraction of laser-driven structural change were
pioneered independently.*®>* Ultrafast electron diffrac-
tion (UED) in its femtosecond, chemical form grew out of
Zewail's femtochemistry'%'%'8; extending gas-phase elec-
tron diffraction into the ultrafast domain, his group paired
femtosecond lasers with picosecond electron pulses to
clock transient chemical changes directly in real space,®'®

hv

I\CH CH %CH +1
_ LN -
2 2\1 CH, 2

(a) 1,2-diiodoethane
bond breaking (TRXL)

Br_ +
A o, T g, OB Vet
Br CH, Br —e- 2 CH; HO,C

(e) PYP chromophore
isomerization (TRXC)

(d) 1,3-dibromopropane™
molecular ion (MeV-UED)

(b) 1,3-cyclohexadiene
ring opening (UED)

converting a static structural tool into a time-resolving
camera. Working within that program, we applied and
advanced UED toward a demanding goal: to photograph,
not infer, the structure of a short-lived species. We
directly imaged transient molecular structures of gas-
phase reactions, determining the structure of a reaction
intermediate in a non-concerted elimination and follow-
ing a ring-opening in a hydrocarbon (Figure 2b).>* This
established the founding move of molecular filming: read
a transient geometry directly from a diffraction frame.
UED has since matured, through the work of many
groups, into a versatile probe of gas- and condensed-
phase structural dynamics.>>”*

Into solution: A bond breaks

Most chemistry happens in the liquid phase, so the next
question was whether one could film a reacting structure
in solution, where solute and solvent are entangled in
every frame. Using time-resolved x-ray liquidography
(TRXL), the time-resolved x-ray scattering of a photoex-
cited solution, we filmed photoexcited haloalkanes such
as 1,2-diiodoethane (C,Hyl,) (Figure 2a), recording tran-
sient structures and the recombination and elimination
pathways that follow C-I bond cleavage.”> Whereas ear-
lier time-resolved x-ray scattering in solution had been
demonstrated on simple diatomic molecules such as I,,”®
this was the first time a genuine polyatomic chemical
reaction, with its reacting solute structures and branching
pathways, was filmed in the liquid phase.”” Over the fol-
lowing two decades we, together with a growing
solution-scattering community, developed TRXL into a

N=C-Au-C=N
(©) [Au(CN),]~
bond formation / vibration (TRXL)

OH

/

HO,C
(f) PCN-224(Fe)-CO
doming (TR-SFX)

FIGURE 2 Molecular “actors” from representative molecular movies. (a) Photodissociation of 1,2-diiodoethane in solution, forming the bridged
C,H,l radical and an iodine atom, filmed by time-resolved x-ray liquidography (TRXL).”® (b) Ring-opening of a cyclic hydrocarbon (1,3-cyclohexadiene
shown) to an open-chain triene, the prototype filmed by ultrafast electron diffraction (UED) from the field’s origin onward.>*%? (c) The gold dicyanide

anion; three associate into [Au(CN);]S, whose Au-Au bond formation and coherent vibration were filmed by femtosecond TRX|

L."2"122 (d) lonization of

1,3-dibromopropane and the structural transformation of the resulting cation into a cyclic bromonium ion, filmed by MeV ultrafast electron diffraction
(MeV-UED).” (e) The chromophore of photoactive yellow protein (PYP), p-coumaric acid: Blue light drives a trans — cis isomerization of its vinyl bond,
the primary event of the photocycle, filmed by TRXC.'?2 (f) The porphyrinic metal-organic framework PCN-224(Fe)-CO, drawn edge-on with the CO-
ligated iron-porphyrin node between two Zrg clusters: Photolysis of the axial CO drives out-of-plane doming of the iron and disordering of the Zrg
node, filmed by time-resolved serial femtosecond crystallography (TR-SFX).'*” Panel (f) is schematic.
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general probe of solution-phase structural dynamics,
applying it across small-molecule and haloalkane photo-
chemistry, organometallic and transition-metal com-
plexes, metal and bimetallic clusters, nanoparticles, and
protein conformational changes. Early demonstrations
established the approach and its scope,”>’®% and a
decade of subsequent work broadened its reach across
systems and set out its methodology in dedicated
accounts and reviews.'%"""® The solution-scattering com-
munity continues to extend TRXL to new reacting sys-
tems, for example resolving the solvent-dependent
photochemical reaction pathways of bromoform.''®'%°

The harder act: A bond forms, and a
vibration is born

Watching a bond form is conceptually harder than watch-
ing one break. With femtosecond x-ray free-electron laser
(XFEL) pulses we used TRXL to film bond formation
directly in solution, capturing the structural progression
as gold atoms in a [Au(CN), | assembly drew together
into a covalently bonded species (Figure 2c)."*' A still
more demanding question followed: not just whether a
bond forms but how the atoms move as it does. Tracking
the vibrational wavepacket of the gold trimer [Au(CN), |,
with femtosecond TRXL, we mapped the very emergence
of the molecular vibration that mediates bond formation:
the Au-Au distances continue to breathe periodically
even after the covalent bond is established, and the
changing bond lengths trace the coherent nuclear
motion in real time.'?? This is filming at its most literal: a
movie of coherent atomic choreography, not of a popula-
tion average.

Charged actors: The birth and structural
transformation of a molecular ion

Neutral molecules are not the only actors. Extending UED
into the megaelectronvolt regime (MeV-UED) and pairing it
with resonance-enhanced multiphoton ionization to make
the ion at a defined instant, we recently filmed both the
birth of a gas-phase molecular ion and the structural drama
that follows (Figure 2d).” lonizing 1,3-dibromopropane cre-
ates the cation, but the newborn ion does not move at
once: for a brief induction period its geometry stays essen-
tially that of the neutral parent, a surprising pause in which
the ion exists but has not yet rearranged, a silence that only
direct structural imaging could reveal. The molecule then
reorganizes in two resolved steps: it first forms an unusual
four-membered-ring intermediate that holds one bromine
only loosely, and then that bromine departs and the frame-
work closes into a three-membered-ring bromonium ion.
Each species is a distinct frame, and the molecular movie is
the time-ordered sequence that joins them, including the
waiting time between one frame and the next. Molecular

ions like this one are central to radiolysis, mass spectrome-
try, and atmospheric and interstellar chemistry, yet their
structures, as opposed to their masses or spectra, have
remained largely invisible, because such ions are charged,
short-lived, and produced only as dilute, reactive popula-
tions. Filming an ion’s geometry from the instant of its crea-
tion shows that the practice carries over cleanly to the
charged protagonists of chemistry, and that the same
approach can now open the structural dynamics of ion
chemistry far more widely.

Function: Filming a working protein

The same stance scales to biology. Applied to proteins in
solution, TRXL resolves the tertiary and quaternary rearran-
gements that turn a local trigger (a photon absorbed, a
ligand released) into a global functional motion, from the
allosteric quaternary transitions of hemoglobin to ligand
dissociation and migration in myoglobin and the signaling
motions of photoreceptor proteins, as set out in dedicated
accounts and reviews.'%%'?*'2* Time-resolved crystallogra-
phy adds atomic-resolution movies of the same class of
events, the trans/cis isomerization of the chromophore in
photoactive yellow protein'®® (Figure 2e) and the proton-
pumping cycle of bacteriorhodopsin,'?® and our own time-
resolved Laue crystallography of photoactive proteins'?”'?8
contributed to the picosecond time-resolved x-ray crystal-
lography (TRXC) developed at synchrotron sources.”'?~'%
What these methods share is that an event once captured
only by a rate constant, how fast a protein responds, is
instead shown as the sequence of shapes the protein
passes through. These atomic-resolution protein movies
increasingly come from time-resolved serial femtosecond
crystallography (TR-SFX) at XFELs, which brings femtosec-
ond time resolution to the crystallographic camera, from
ligand dissociation in myoglobin to the light reactions of
photosystem I, part of a broader development that began
with protein serial femtosecond crystallography.'*~'>>

Into the crystal: Filming chemical systems in
the solid state

The same femtosecond camera is only beginning to reach
ordered solids beyond biology. TR-SFX matured on pro-
teins; its extension to non-protein chemical crystals,
which would resolve the structural changes of reacting
molecules in the crystalline state at femtosecond time
resolution and atomic detail, has barely begun.'”® We
recently took the first step, bringing TR-SFX to a chemical
system for the first time: PCN-224(Fe), a porphyrinic
metal-organic framework built from iron-porphyrin struts
joined by Zrg oxo clusters (Figure 2f). Exciting a single
crystal set off a structural cascade that we could follow
reflection by reflection: dissociation of the axial ligand at
the iron, an out-of-plane “doming” of the iron relative to
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the porphyrin plane, coherent doming-undoming oscilla-
tions of the iron and zirconium atoms, and a slower disor-
dering of the Zrg node. To our knowledge this is the first
TR-SFX movie of a non-protein chemical crystal rather
than a biomolecule, and it remains essentially the only
one to date.'®” The crystalline studio trades the conforma-
tional freedom of solution for the synchronized order of a
lattice: because every unit cell moves in step, the diffrac-
tion reports a single, well-defined structure at each delay,
with sharp Bragg reflections rather than a diffuse ring car-
rying the structural information. This extends molecular
filming from biomolecules to chemical reactions in the
solid state.

THE CAMERAS AND THE LOCATIONS

Filming any event requires a camera and a location, and
the surveyed experiments are best understood as choices
among them. They share one shutter mechanism, the
pump-probe principle, in which a femtosecond pump
starts the reaction at a defined instant and a delayed
probe records a structural frame; scanning the delay
assembles the movie.

Two cameras. X-rays scatter from the electron density,
with well-understood kinematic scattering that is straight-
forward to model; electrons scatter far more strongly from
the total electrostatic (Coulomb) potential of the atoms,
nuclei, and electron cloud together, giving high cross-
sections suited to dilute gases and thin films.>®® They are
complementary probes, not competitors. Within each
probe, the source sets the achievable time resolution and
the accessible samples. The x-ray sources are large accel-
erator facilities: synchrotrons enabled picosecond time-
resolved scattering and established TRXL and TRXC,’>’’
and XFELs pushed TRXL and TR-SFX into the femtosecond
regime.'?""'*>'%” The electron sources span both scales:
conventional keV-UED runs on a table-top, as does four-
dimensional electron microscopy, which extends imaging
into space as well as time,'*® whereas MeV-UED, first pro-
posed to reduce space-charge and velocity-mismatch limita-
tions with near-relativistic electrons from a photocathode RF
gun,”’ requires an accelerator.’**® The development of
these electron cameras has been a broad, international
effort, at both large-scale facilities and table-top laboratories,
spanning femtosecond electron diffraction, attosecond and
single-electron pulse generation, and ultrafast electron
microscopy.'**"'%? The history of the field reads as a steady
accumulation of better cameras.

An expanding family of cameras

The two cameras introduced above have been pushed to
film ever more demanding scenes. UED at megaelectron-
volt energies (MeV-UED) now images a conical inter-
section and the photodissociation dynamics of CF51°° and
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maps the UV-induced reaction pathways of
bromoform,'®® while time-resolved crystallography, x-ray

(and increasingly electron) diffraction from ordered sam-
ples, films the synchronized motions of proteins: collective
structural changes in CO-myoglobin upon ligand
dissociation,'*® the femtosecond dynamics that drive the
trans/cis isomerization of the chromophore in photoactive
yellow protein,’””' and a remote-controlled protonation
reaction that enables structural change in a phyto-
chrome.'®* Beyond the external-beam scattering of these
two canonical cameras, the grammar of filming treats any
technique that yields time-ordered structural frames as a
camera, and several further probes now qualify, each gen-
erating its structural signal by a different physical route:
time-resolved CEl, which reads out molecular geometry
from the momenta of the fragments produced when the
molecule is exploded after a defined delay>*'®>~"°%; TR-PED,
which tracks atomic motion through the diffraction of a
molecule’s own emitted photoelectrons®*'**~'""; and LIED,
in which a strong-field-liberated electron recollides with its
parent ion to image bond breaking with sub-angstréom spa-
tial and few-femtosecond temporal resolution.>>'”%'73 Each
is a different lens trained on the same subject, the moving
nuclear framework, and each widens the set of scenes the
director can shoot.

Three locations

Each phase is matched to a characteristic set of cameras.
Gas-phase filming takes place in the vacuum studio,
where isolated molecules reveal intrinsic dynamics free of
environment. Here UED films the ring-opening
prototypes,®*®? while time-resolved CEl, TR-PED, and LIED
add complementary gas-phase views, as in the coherent
rotational wavepacket movie of OCS recorded by time-
resolved CEL'’* Liquid- and solution-phase filming takes
place “on location,” where solute, solvent, and solvent
cage all appear in frame; this is the native environment of
most chemistry and the regime in which TRXL has been
especially productive, including a steady stream of recent
solution-phase  studies,®3%7>77123124175-208 = anq  jnto
which electron cameras have recently moved through
thin liquid-sheet jets in MeV-UED.** Crystalline filming
captures the synchronized ensemble, following correlated
structural change across an ordered lattice by TRXC and
TR—SFX.125'126

WHAT WE FILM: THE SUBJECTS

What is filmed has broadened over time, and the choice
of subject is bound up with the physics of the camera.
The original and still dominant subject is nuclear geome-
try: the time-dependent interatomic distances and angles
that trace a reaction coordinate. Both canonical cameras
deliver it: x-ray and electron scattering each encode the
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instantaneous molecular structure. This nuclear choreog-
raphy, bonds breaking, forming, and bending, is what
most molecular movies have recorded to date, from the
gas-phase ring-opening filmed by UED to the bond break-
ing and formation filmed by TRXL in solution.>*°*”>

Increasingly, electronic and charge density have them-
selves become subjects, and here the two cameras are
naturally complementary. Because x-rays scatter directly
from the electron density, time-resolved x-ray scattering
and crystallography are, in principle, sensitive to where
the electrons are and how they redistribute during
charge transfer and the making and breaking of a bond,
so that charge density is an observable in its own right
rather than a nuisance.”®*'8"18¢ |n practice the charge-
density signal is subtle and often confined to low scat-
tering angles, and oxidation- or spin-state changes are
usually read out through the accompanying bond-
length changes or by complementary x-ray spectroscopy
(XANES/XES).*° Electrons, by contrast, scatter from the
combined electrostatic potential of nuclei and electrons,
so UED is sensitive to both at once and can film nuclear
and electronic dynamics simultaneously, treating the
redistribution of electrons as the object of the
movie.®*®> The frontier is to isolate the electronic
motion itself: a dedicated attosecond and charge-
migration community aims to capture the coherent flow
of charge before the nuclei have appreciably moved,
through the measurement and control of electron
dynamics and electronic coherences in molecules.?'?"*'?
Each advance in what can be filmed, from the positions
of nuclei to the distribution and motion of electrons,
enlarges the vocabulary of the practice without chang-
ing its logic: a sequence of time-ordered frames, read
directly rather than inferred.

THE SHUTTER AND THE EDIT SUITE
The shutter

Shutter speed must be matched to the subject. Nuclear
rearrangement unfolds over tens to hundreds of femto-
seconds, well matched to femtosecond x-ray and elec-
tron sources.®”®®'?" Electronic motion is faster still,
reaching the attosecond regime, motivating attosecond
and few-femtosecond techniques that already resolve
charge migration and electronic coherences.”'®?'? The
effective time resolution, though, is set not by a single
pulse length but by the instrument response: the convo-
lution of the pump and probe durations with the timing
jitter between them (especially at XFELs) and any
group-velocity mismatch between pump and probe
across the sample, which is one reason MeV electron
sources, by reducing that mismatch, sharpen the achiev-
able resolution. Each improvement in temporal resolu-
tion expands the set of subjects that can be filmed
without blur.

The edit suite

Raw scattering frames are not the movie. Converting
time-resolved diffraction into a structural movie requires
a substantial reconstruction stage: in TRXL, separating the
solute, solute-solvent cross (cage), and bulk-solvent con-
tributions; retrieving structure from one-dimensional gas-
phase signals; subtracting backgrounds; and handling
missing information such as low-angle data.”®® In solution
especially, the bulk-solvent (heating) response can domi-
nate the raw signal, so isolating the comparatively small
solute and cage contributions is often the crux of the
analysis, and accurately removing this solvent-heating
term is what lets the solute and cage structures be read
out cleanly, a separation that dedicated procedures such
as projection to extract the perpendicular component
(PEPC) are built to perform."’ This “edit suite” is increas-
ingly automated, and machine learning is an active direc-
tion for it?'* neural-network methods are being
developed to denoise and reconstruct sparse or low-dose
diffraction data,?'® to speed the inversion of a measured
scattering signal into a three-dimensional structure,'®*'”
and to connect experiment with simulation by learning
how structural ensembles map onto their scattering
signatures,?'®'? aiming to make structure retrieval faster
and more objective than hand-tuned, trial-and-error fit-
ting. Post-production is not ancillary; it is often where the
scientific content of a molecular movie is actually
recovered.

THE GRAMMAR OF MOLECULAR FILMING

The preceding sections surveyed an apparently heteroge-
neous field: different probes, sources, phases, observ-
ables, and reconstruction pipelines. Yet they are all
generated from the same underlying grammar, one that
“molecular movie” names only by its product. In molecu-
lar filming, the experimentalist is the director of an
atomic-scale movie, and every experiment is a sequence
of directorial decisions articulated through that grammar
(Table 2, Figure 3).

What makes this a grammar, rather than simply a cata-
logue, is that the choices combine systematically, yet not
every combination is allowed. Each axis is a slot and each
option a filler, so an experiment is a “sentence” formed
by choosing one filler per slot, and the six slots together
generate the space of realizable movies. But the slots
must agree, in the way that a verb selects its object: the
options chosen on different axes have to be physically
compatible, and the physics of the imaging method rules
some combinations out as ungrammatical (Table 3). One
requirement cuts across all six slots: because signal is built
by replaying the event many times, the practice presumes
a sample that survives repetition, so reversibility and sam-
ple delivery, whether by flow, serial injection, liquid-sheet
jets, or mix-and-inject schemes, are folded into the Action
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and Location choices, and for irreversible reactions, as
with many ions and crystals, sample replenishment and
cumulative photodamage become the binding constraint.

These constraints give the grammar teeth. A proposed
“electron camera, bulk-liquid location, attosecond shutter,
nuclear-only subject” movie, for instance, violates two
rules at once, the Camera-Location rule (an electron
beam cannot penetrate a thick bulk liquid) and the
Shutter-Subject rule (the nuclei are effectively frozen on
an attosecond scale), so the grammar rejects it as ill
formed before any experimental effort is spent.

The same grammar does more than exclude; it also
predicts. Because the slots generate the full space of real-
izable movies, every grammatical combination that has
not yet been performed is an empty cell that reads as a
concrete experimental proposal. One such cell is the film-
ing of charge-density redistribution in the liquid phase:

TABLE 2 A grammar of molecular filming: The director’s decisions.

Operation (molecular-

Decision Question, with options editing echo)
Action! What starts the scene? Trigger and replay: repeat
(trigger) Photoexcitation, the event on a reversible
ionization, temperature or refreshed sample to
jump, mixing build signal (re-run the
reaction)
Camera Which lens? X-ray Capture and splice:
(probe/ (electron density) or combine cameras
source) electron (Coulomb); (orthogonal methods)
synchrotron, XFEL, UED,
or table-top
Location Where to film? Gas Track in the native
(phase) (vacuum studio), liquid/ environment (choose the
solution (on location), medium)
crystal (synchronized
ensemble)
Shutter How fast? Picoseconds —  Resolve motion within a
(At) femtoseconds — frame (distinguish states)
attoseconds, matched to
nuclear versus electronic
motion
Subject What to capture? Nuclear  Select: choose which
geometry or electronic/ feature to resolve (as
charge density molecular editing
chooses what to change)
Post- How to finish? Structural Assemble frames into a
production  retrieval, background movie (complete the

separation, machine-
learning reconstruction

sequence)

Note: Each row names a recurring choice in turning a chemical event into a movie,

with its operational verb and its rough echo in the molecular-editing analogy.
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electrons scatter from the total potential and so carry
charge-density information, liquid-sheet jets have already
carried electron beams into solution, and electron cam-
eras already film electronic dynamics in the gas phase,
yet these ingredients have not been combined to watch
charge flow during a reaction in solution. The grammar
marks the combination as well formed and so prescribes
it as a next scene to shoot, turning the slogan “which
scene can we not yet shoot?” into a specific answer.

Beyond the slots and the agreement rules that con-
strain them, a further, syntactic layer applies along the
time-delay axis. A single frame is a word, a static molecu-
lar structure, while a movie is a sentence: an ordered
sequence of frames recorded at appropriate intervals. If
the delay points are too sparse, a rapid periodic motion is
misassigned as a spurious slower one, the aliasing of the
Nyquist limit; for a non-oscillatory, irreversible process
the same undersampling instead loses information out-
right. Either way, inadequate temporal sampling is a syn-
tax error, much like scrambled word order in a sentence.

We do not claim that molecular filming obeys linguis-
tic grammar in a strict sense. This is a practical, operative
grammar: it describes how the key elements of an experi-
ment can be combined and which combinations the
underlying physics allows. It therefore goes beyond a sim-
ple classification, because it defines not only the available
choices but also the rules that govern how they combine.

Seen this way, the history of molecular filming reads
as a continuous expansion of what can be recorded,
driven by new cameras, faster shutters, new environ-
ments, and new molecular targets, and its remaining chal-
lenges appear simply as scenes not yet shot. This is the
sense in which molecular filming is more than a renaming
of the molecular movie. The movie is the result; filming is
the process of designing and carrying out the experiment,
and, like any mature practice, it rests on principles that
can be taught, refined, and extended. Making those prin-
ciples explicit turns a celebrated end-product into a
framework for future research.

PROSPECTS: WHAT WE HOPE MOLECULAR
FILMING WILL DO

| return, in closing, to the analogy that motivated this
Review. Molecular editing did not invent most of the reac-
tions it now organizes; it gave the synthetic community
an action-oriented language that made a scattered set of
capabilities visible as one extensible logic, drew attention

. Location Post-
Action! Camera e Shutter Subject . Molecular
R gas / liquid : production .
trigger X-ray / electron ps — fs — as nuclei / electrons : movie
/ crystal analysis

FIGURE 3 The director’s six decisions. Reading the field through this grammar makes disparate experiments, a TRXL study and a gas-phase
electron-diffraction study, legible as instances of one practice, and makes its open problems appear simply as scenes not yet shot.

85U8017 SUOWILLIOD @A 18810 3eoldde ayy Aq peusenob a1e ssjoiie YO ‘@S Jo SNl 10} Ariqi8UIIUO A1 UO (SUONIPUOD-PUe-SLLBY WO A8 | IMAleIq 1 BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[9202/60/T2] U0 Akl Tauluo A8]IA ‘4O @IS | peoUeApY 88103 AQ 9020/ 'SOXA/Z00T OT/I0p/LI0D" A8 1M Ake.q1jpulUo//:Sdny Wo.y papeo|umod ‘6 ‘9202 ‘6765622T



1050 | BULLETIN OF THE
KOREAN CHEMICAL SOCIETY

TABLE 3

ungrammatical.

Agreement rule

Shutter—Subject

Camera«— Subject

Camera«Location

Trigger«— Shutter

IHEE

Well-formed

Nuclear geometry
with femto- to
picosecond frames;
electronic and charge
density with atto- to
few-femtosecond
frames

Charge density read
by x-rays (which
scatter from the
electron density) or
by electrons (which
probe the total
potential); nuclear
geometry by either

X-rays in a bulk liquid
or crystal; electrons
in a gas, a thin film,
or a thin liquid-sheet
jet

A photoinduced
trigger sets a sharp
femtosecond time-

Selectional restrictions in the grammar: Choices on
different axes must agree, and physically incompatible combinations are

Ungrammatical
(and why)

Picosecond shutter
with an electronic
subject: electron
motion is unresolved;
attosecond shutter
with a nuclear-only
subject: the nuclei are
effectively frozen on
that scale

Filming hydrogen-
atom motion with
x-rays, whose ~Z?
scattering leaves the
single-electron
hydrogen atom nearly
invisible

An electron beam
through a thick bulk
liquid: the mean free
path is too short, the
very constraint that
motivated liquid-
sheet jets

A rapid-mixing or
temperature-jump
trigger (micro- to

nanosecond) with a
femtosecond shutter:
the trigger cannot
define a t = 0 sharp
enough for the fast
frames to be timed
against

zero usable by any
fast shutter

Note: Each rule is a consequence of the physics set out earlier, not a new
assumption.

to previously underappreciated transformations, and
thereby helped direct a broad area of synthesis.>* | antici-
pate three analogous effects for ultrafast structural dynam-
ics. The first is an organizing effect: framing the field as a
grammar of directorial choices makes it easier to see dispa-
rate experiments as instances of one practice, and to teach
that practice coherently to newcomers. The second is a re-
valuing effect: just as molecular editing drew attention to
previously underappreciated reactions, naming the prac-
tice re-values what a product-focused view overlooks: the
full range of subjects now within reach, from molecular
ions to working proteins and reacting solids rather than
only the iconic gas-phase molecule, and the experimental
design and analysis that turn raw data into a movie in the
first place. The third is an agenda-setting effect: by naming
the directorial decisions explicitly, the frame turns “we
made a movie of X” into the sharper question “which
scene can we not yet shoot?” and so points to the con-
crete frontiers developed below.

A candid comparison must acknowledge an asym-
metry between the two paradigms. Molecular editing is
ultimately inventive: its reframing took hold because
new reactions, reagents, and commercial tools genu-
inely widened what a chemist could do,'”* and a name
travels far when it rides on new capability. Molecular
filming is descriptive: no reflex of “let’s film it” will, by
itself, lift the measurement barriers that still stand in
the way, and | do not claim that a name advances sci-
ence on its own; the substance lies in the methods and
results. The three effects above therefore work differ-
ently from editing’s: not by adding new capability, but
by helping a scattered field see itself as one coherent
practice. Filming is not passive observation but a
designed intervention, each movie assembled from a
trigger, a camera, a location, a shutter, a subject, and
an analysis, so naming the practice makes that design
space explicit and generative even when it invents no
new reaction. And precisely because this field has so far
been celebrated only by its product, giving the practice
a name of its own is, if anything, a sharper lever here
than it was for synthesis. That is the sense in which the
right action-oriented framing can lower the barrier to
seeing what a field is collectively capable of, and
thereby help accelerate it.

Molecular editing and filming as partners,
and filming as the way to watch it happen

The two paradigms complete each other. Molecular
editing designs a molecule; molecular filming reveals
how it behaves. One can edit a scaffold to install a chro-
mophore or a trigger and then film the resulting
dynamics; conversely, a film that exposes which bond
moves first, or which intermediate gates a reaction, tells
the editor precisely where an atomic change would
matter most. There is, however, a deeper link: to under-
stand a molecular-editing reaction is, ultimately, to film
it. The mechanism by which a single atom is inserted,
deleted, or transmuted is itself a choreography of
bond-breaking and bond-forming events, and its only
complete description is a molecular movie. In this
sense, molecular filming is not merely a partner to
molecular editing but the natural means of watching it
happen. Molecular filming is not confined to molecular
editing, however: it applies to chemical reactions of
every kind, from photodissociation to catalysis. Molecu-
lar editing is simply the class in which its partnership
with synthesis is most direct.

This ambition exposes a fundamental mismatch.
Molecular filming has so far been most successful for
photoinduced, unimolecular reactions, in which a femto-
second pump pulse deposits energy into a single mole-
cule and thereby defines a sharp, common time-zero for
the entire ensemble. Many molecular-editing transfor-
mations, by contrast, are thermally activated and
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bimolecular, requiring two reactants to meet and sur-
mount a barrier by thermal fluctuation. Two points
show that this gap, though real, is narrower and more
specific than it first appears. First, a growing subset of
molecular-editing reactions is already photoinitiated
and so inherits the sharp optical time-zero that filming
needs, including photomediated ring contraction of
saturated heterocycles®*® and net photochemical car-
bon deletion of azaarenes.””' Second, what is bimolec-
ular is the activation step that generates the reactive
intermediate; the skeletal reorganization that follows is
typically a fast, unimolecular cascade, as in the isodia-
zene fragmentation, dinitrogen loss, and in-cage diradi-
cal coupling that effect nitrogen deletion."*??
Extending molecular filming from the photoinduced
regime to this broader class of thermal, encounter-
gated molecular-editing reactions is, | believe, the cen-
tral goal for the field’'s next phase.

Why filming bimolecular reactions is hard

The difficulty is structural, not merely instrumental,
and it has three roots. (i) No impulsive trigger. A thermal
bimolecular reaction has no optical “Action!”. Its ele-
mentary chemical step is gated by a diffusional
encounter between partners, a stochastic process
spread over nanoseconds to milliseconds, so the bond-
rearrangement events are not synchronized across the
ensemble, and there is no sharp t=0 from which to
clock the movie. (ii) Mixing is slow. The fastest experimen-
tal way to bring two reactants together, rapid mixing,
reaches at best microseconds. Mix-and-inject serial crys-
tallography is built on exactly this mixing step: it triggers
a reaction by mixing substrate into a stream of microcrys-
tals and has filmed, for instance, substrate-triggered turn-
over in a riboswitch RNA on the microsecond-to-second
timescale.”>® Yet even this best-established route for
bringing two reactants together leaves a gap of six to
nine orders of magnitude to the femtosecond-
to-picosecond bond motions one ultimately wants to film.
(iii) A dilute, dephased signal. Because only a vanishingly
small fraction of encounter pairs occupies the transition
region at any instant, and because thermal activation
imposes a broad distribution of energies and waiting
times, the structural signature of the actual chemical step
is both dilute and washed out by ensemble dephasing.
Closing this remaining gap will require ways to synchro-
nize a thermal reaction faster still. Several routes point
toward it. Laser-driven temperature- or pH-jump initiation
reaches the nanosecond regime for reactions that
respond to such a perturbation. Caged or photoswitch-
able reagents can release a reactive partner on femtosec-
ond command. And more sensitive, higher-repetition-rate
cameras help pull the signal from dilute reacting species.
Together, these could give a thermally driven molecular-
editing step the clean time-zero that filming demands.

From intermediates to transition states,
conical intersections, and the reaction
coordinate

A second evolution concerns what, within a reaction, we
aim to film. To date the principal target has been the
structure of reaction intermediates, the metastable species,
sitting in local minima, that mark points along a pathway.
The frontier is to film the fleeting structures between
them: the transition states perched at the barriers, and, for
nonadiabatic processes, the conical intersections that fun-
nel population between electronic surfaces. In fact, work
on this frontier has already begun: UED has mapped the
passage through a conical intersection in the ring-
opening of 1,3-cyclohexadiene® and imaged the conical-
intersection and photodissociation dynamics of CF5,°° an
early, partial proof of principle that these fleeting struc-
tures can be filmed. Capturing them is, in essence, the
experimental determination of the reaction coordinate: it
identifies which parts of the molecule actually move
when a reaction occurs, the specific nuclear motions that
carry a system from reactant to product. Filming interme-
diates, transition states, and conical intersections, and
then stitching them together along reaction pathways
that connect each intermediate to the next through its
intervening transition state, would convert today’s snap-
shots of stable points into a continuous, mechanistic
movie of the reaction pathway itself. That is the deepest
sense in which molecular filming can aspire to show,
rather than infer, how chemistry happens.

A NOTE ON NOMENCLATURE: WHAT
MOLECULAR FILMING IS NOT

Because the words are close, three neighboring usages
must be kept distinct from molecular filming. First, a
molecular film denotes a physical object, a thin film one
or a few molecules thick, as in the monomolecular
Langmuir-Blodgett films assembled molecule by mole-
cule on a solid surface®”® and the broader family of ultra-
thin organic films and self-assembled monolayers.”** That
noun names a material; molecular filming names an act of
recording motion in time, and the two should not be con-
flated. Second, molecular imaging is a well-established
biomedical discipline: the in vivo visualization and mea-
surement of biological processes at the cellular and
molecular level in living subjects, using positron emission
tomography (PET), single-photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI),
and optical reporters together with targeted contrast
agents.>?>??° |t maps where a labeled species is distrib-
uted within an organism; it does not resolve how the
atoms of a molecule rearrange during a reaction. Third,
single-particle cryo-electron microscopy (cryo-EM) has
given the word “movie” a further meaning: continuous-
heterogeneity methods (manifold embedding and
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energy-landscape analysis, 3D variability analysis, and neural
approaches such as cryoDRGN) reconstruct what is also
called a “movie” (and, in that literature, a “molecular
movie”) of conformational change, so the very phrase this
Review reserves for the product of filming already carries a
second meaning.””’>*° These communities speak of a
“movie,” not of “molecular filming.” The distinction is real
but subtle. Such a movie is ordered along a reaction coordi-
nate or free-energy landscape recovered from a static, near-
equilibrium ensemble, and, given a kinetic model of motion
on that landscape, it can even be placed on a genuine time
axis, as in the Brownian-machine analysis of the ribo-
some.??’#' Its temporal ordering is therefore inferred and
model-dependent, whereas molecular filming reads time
directly, as a measured pump-probe delay, from a non-
equilibrium event started by an explicit trigger. The two are
complementary: cryo-EM continuum analysis maps the con-
formations a molecule can adopt at equilibrium, while film-
ing records the actual, time-resolved path it follows once it
is driven out of equilibrium. Molecular filming, as used
throughout this Review, is neither a material, nor an ana-
tomical map of probe distribution, nor a reordering of a
static ensemble along an inferred coordinate: it is the time-
resolved recording of atomic-scale structural motion during
a chemical event. | use the term strictly in this sense.

CONCLUSION

| have argued that “molecular filming” names something
real, useful, and ready: not the molecular movie, but the
practice of making it: the deliberate assembly of time-
ordered structural frames into a movie of a chemical event,
understood as a sequence of directorial choices. The cam-
eras are mature and increasingly complementary, even if
full interoperability across probes and phases remains a
genuine challenge; the films they produce, from a transient
gas-phase intermediate to a bond breaking in solution to
the birth of a vibration to a working protein, are no longer
curiosities. The frontier is clear: to extend molecular filming
from photoinduced unimolecular reactions to the thermal,
bimolecular reactions that dominate synthesis and are
prevalent in molecular editing, and to advance from the
structures of intermediates to those of transition states and
conical intersections, and thus to the reaction coordinate
itself. Just as molecular editing gave synthesis a verb and a
community, molecular filming can give the study of
dynamics a shared language and an explicit grammar. My
hope is modest in form and ambitious in substance: that
“let’s film it” becomes as ordinary a reflex among chemists
as “let’s edit it” has become, and that structural dynamics
is understood not as a specialist's measurement but as a
movie any chemist can learn to direct.
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