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ABSTRACT: Efficient photoredox chemical transformations are essential to the development
of novel, cost-effective, and environmentally friendly synthetic methodologies. The concept of
the entatic state in bioinorganic catalysis proposes that a preorganized structural configuration
can reduce the energy barriers associated with chemical reactions. This concept provides one of
the guiding principles to enhance catalytic efficiency by maintaining high-energy conformations
close to the reaction’s transition state. Copper(I)-based photocatalysts, recognized for their low
toxicity and highly negative oxidation potentials, are of particular interest in entasis studies. In
this study, we explore the impact of entasis caused by stress induced by the surrounding lattice
on the excited state dynamics of a prototypical copper(I)-based photocatalyst in a single crystal
form. Using femtosecond broadband transient absorption spectroscopy, we show that triplet state formation from the entactic state
is faster (∼3.9 ps) in crystals compared with solution (∼11.3 ps). The observed faster intersystem crossing in crystals hints toward
the possible existence of distorted square planar geometry with higher spin−orbit coupling at the minima of the S1 state. We further
discuss the influence of entasis on vibrationally coherent photoinduced Jahn−Teller distortions. Our findings reveal the
photophysical properties of the copper complex under lattice-induced stress, which can be extended to enhance the broader
applicability of the entatic state concept in other transition metal systems. Understanding how environmental stress-induced
geometric constraints within crystal lattices affect photochemical behavior opens avenues for designing more efficient photocatalytic
systems based on transition metals, potentially enhancing their applicability to sustainable chemical synthesis.
KEYWORDS: entasis, copper(I)-complex, microED, femtosecond transient absorption, excited state dynamics

■ INTRODUCTION
The concept of entasis (a term from architecture) is employed
in biochemistry to describe a predistortion of the structure of
transition metal complexes at active sites in metalloproteins.1,2

The structural predistortion inherent in the entactic state of
metal complexes suggests a preorganized landscape that lowers
the energy barriers for chemical reactions, thereby facilitating
more effective and specific catalytic events.3,4 In bioinorganic
chemistry, this principle has generated considerable interest
due to its potential for explaining the exceptional efficiency
observed in many biological processes that are central to life.
Building on fundamental insights gained from studies on
metalloproteins, Galperin and Koonin have extended the
entasis concept into evolutionary biology.5 They propose that
each emergence of a distinct entactic state at a metal active site
marks a crucial evolutionary event, representing substantial
advancements that allow organisms to efficiently catalyze a
wider array of chemical reactions, providing adaptive benefits
within their specific ecologies. The utility of the entactic
concept has now transcended its original context within
metalloenzymes to provide a broader understanding of

enzymatic catalysis.6 Thus, the entactic state concept provides
a malleable framework for exploring evolutionary develop-
ments and enzymatic efficiency, with broad implications for
both natural and synthetic chemistry.

In transition metal complexes, the enhanced reactivity
observed in the entatic geometry is primarily due to elevated
energy levels of the reactive and product states relative to the
transition state.4 This conceptual basis is schematically shown
in Figure 1a. The associated increase in relative energy levels
may be induced by various stressors, such as solvation effects
or strains stemming from the configurations of ligand
backbones. The systematic investigation of these factors in
elevating the energy state of reactants is an active area of
ongoing research. Such studies are essential for gaining a
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deeper understanding of how these stresses and strains can be
effectively harnessed to fine-tune the reactivity of transition
metal complexes. By optimizing these interactions, the goal is
to expand the utility of entatic states in catalytic systems and
other chemical transformations, potentially leading to more
efficient and selective processes in industrial and environ-
mental applications.

Copper complexes, which frequently emulate the character-
istics of blue copper proteins known for their efficient electron
transfer properties,7−9 are thought to derive their electron
transfer efficiency from the entatic state by shuttling between
Cu(I) and Cu(II) redox states with minimized reorganization
energies. Consequently, copper-based systems are of interest in
studies of factors giving rise to entasis and new means of
control of reaction dynamics. Innovative ligands have been
designed to deliberately introduce strain into Cu(II/I) model
complexes, facilitating detailed investigations into the entatic
state.10−15 These efforts aim to understand how induced
geometric strain, or lattice coupling, influences the electronic
structure and reactivity of copper centers, thereby shedding
light on the fundamental principles governing their behavior in
biological and synthetic systems. Notably, Dahl and Szymczak
have demonstrated that intramolecular H-bonding can tune
the primary coordination geometry of a Cu(I) complex in
which the H-bond strength to metal-bound halides (Cl, Br, and
I) dictates the geometry, with Cu(I)Cl adopting a unique
square-planar structure.16 This H-bonding stabilizes the entatic
state, resulting in nearly identical geometries for Cu(I) and
Cu(II) on oxidation. Fast electron transfer rates (105 M−1 s−1)
are achieved by minimizing structural reorganization rather
than a specific geometry. Similarly, Policar et al. have designed
sugar-based epimeric glycol-ligands that are preorganized in
water specifically for the Cu(II) oxidation state but are also

applicable to Cu(I).17 Furthermore, Herres-Pawlis et al. have
investigated using time-resolved spectroscopy and density
functional theory calculations a series of bis(chelate) Cu(I)
and Cu(II) guanidine-quinoline complex cations that exhibit a
constrained ligand geometry, exhibiting rapid metal-to-ligand
charge-transfer dynamics.10,18 This study also explores how
ligand-induced strain influences the structural evolution of
these complexes in their excited states. A newly designed
homoleptic copper(I) complex reported by Gimeno et al. has
also exhibited increased stability in DCM solution, utilizing a
nonsymmetrical phenanthroline ligand with bulky tert-butyl
and isopropyl groups.19 Despite the steric strain, these Cu(I)
complexes showed short-lived, weak emission due to multiple
deactivation pathways and ligand motion. While these studies
emphasize the role of steric strain in inducing the entactic
state, the impact of the stress-induced changes, particularly
those affecting the dynamics of photoinduced Jahn−Teller
(JT) distortions in Cu(I)-based complexes, remains relatively
underexplored.

In its crystalline state, the bis(diimine)copper(I)-hexafluor-
ophosphate, [Cu(dmp)2]+[PF6]−, complex has a configuration
that is notably pretwisted in the direction of a Cu(II)
geometry. This structural trait establishes the complex as an
ideal model for investigating the “entatic-state”. This
phenomenon is attributed to an intrinsic lattice stress that
modifies the geometry from the symmetric D2d form, thereby
facilitating a photoinduced shift to Cu(II) geometry following
excitation through a metal-to-ligand charge transfer transition.
This configuration emulates the stress and resulting distortion
imposed by proteins on metallic complexes at the active site.20

Examining this system within a crystalline framework provides
crucial insights into how the structural confines of a crystal
lattice affect the photophysical properties of a molecule. More
specifically, we have examined the excited state dynamics of
the [Cu(dmp)2]+[PF6]− complex in a single crystal environ-
ment. Using femtosecond transient absorption measurements,
we have captured the altered ultrafast structural dynamics of
this complex in crystals compared to in solution. The affected
evolution of triplet state in crystals is also discussed. Our
approach provides an understanding of the environmental
effects relevant to the stabilization and manipulation of the
entatic state, providing a clearer picture of the mechanism by
which transition metal complexes behave under different
physical constraints.

■ RESULTS
The [Cu(dmp)2]+[PF6]− complex was synthesized following a
previously established protocol,21 and further details of the
synthesis are given in the Materials and Methods Section. Post
synthesis, the crystals were further purified by recrystallization
in methanol (Figure S1). Purified crystals were then finely
ground between two glass microscope slides and subsequently
dispersed on an electron microscopy (EM) grid and loaded
into a JEOL CryoARM300 operating at 300 kV for microED
analysis.22 The experimental conditions and parameters for this
analysis are detailed in the Materials and Methods Section.
The crystal structure obtained using microED measurements is
shown in Figure 1c, which confirms the formation of a
[Cu(dmp)2]+[PF6]− complex. A summary of the data
collection and refinement statistics is provided in the
Supplementary Table ST1. Further analysis of the crystal
structure revealed that the angle between the ligand molecular
planes is 76.16°, deviating from the 90° angle expected for the

Figure 1. (a) Entasis-induced energization and preorganization of the
reactant state: comparing a typical reaction pathway (blue dashed
line) vs a reaction where the reactant is modified to stabilize its
binding potential, increasing its relative energy levels to the product
state and thereby reducing the activation energy (red line). The lower
energy barrier induced by entasis facilitates a faster and generally
more efficient reaction process. (b) Molecular structure of [Cu-
(dmp)2]+[PF6]−: bis(2,9-dimethyl-1,10-phenanthroline)copper(I)-
hexafluorophosphate. (c) ORTEP representation of the crystal
structure of the [Cu(dmp)2]+[PF6]− complex obtained using
microcrystal electron diffraction (microED).
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D2d symmetry in Cu(I)-based complexes. This deviation is
indicative of a predistortion in the [Cu(dmp)2]+ structure
within the crystalline confines. In addition, there are Bragg
reflections that are visibly elliptical across all data sets,
particularly at high resolution, which is indicative of lattice
strain (see Figure 2). This may be due to the crystal lattice
resisting the natural 90° orientation of the ligand molecules.

Figure 3a shows the UV−vis absorption spectrum of the
complex dissolved in dichloromethane (DCM), in blue,
featuring two pronounced absorption bands at approximately
457 nm and a broad spectral shoulder near 530 nm. These
spectral features are metal-to-ligand charge transfer (MLCT)
transitions.23 Specifically, the weaker MLCT transition at
around 550 nm, described as the A2 state, aligns with the S1 ←
S0 transition, which is an optically forbidden transition and the
detectable intensity in this band may be attributed to nuclear
movements within the S1 state. In contrast, the stronger
absorption band near 454 nm, described as the B2 state,
corresponds to the optically allowed S2 ← S0 transition. These
spectral designations are supported by findings from time-
dependent density functional theory (TDDFT) studies.24,25 As
already described, in the crystalline state, the [Cu(dmp)2]+

complex exists in a distorted configuration leading to a
reduction in symmetry from D2d to D2.25 This structural
change relaxes the optical selection rules, thereby enhancing
the intensity of the S1 ← S0 transitions, an effect frequently
observed in distorted copper complexes.24 The absorption
spectrum of thin (∼400 nm) microtomed slices of the crystal,
the blue line in Figure 3a, confirms these predictions (an image
of the microtomed crystal is provided in the Supporting
Information, Figure S1). The S1 ← S0 transition spectral
feature is broadened in the crystalline state, although detailed
analysis is complicated by the presence of a scattering
background. Furthermore, the intense S2 ← S0 transition
exhibits a shift from 457 nm in the solution phase to 464 nm in
the crystalline form, which is attributed to changes in the
Franck−Condon overlap due to distortions in the ground state
geometry.

Figure 2. Examples of diffraction patterns captured from [Cu(dmp)2]+[PF6]− nanocrystals by microED indicating the high resolution diffraction
that was achieved. Red boxes indicate the Bragg reflections that show an elliptical skew that may be indicative of strain in the crystal lattice.

Figure 3. (a) UV−visible absorption spectra of [Cu(dmp)2]+[PF6]−

dissolved in dichloromethane (blue) and 400 nm thin microtomed
crystal (red). Transient absorption (TA) spectrum of the copper
complex (b) in solution and (c) in a 400 nm thin crystal measured as
a function of the time delay between the resonant pump at 515 nm
and the visible probe in the range 525−800 nm. The differential
transmittance of the probe is shown where positive ΔT represents the
ground state bleach (red) and negative ΔT signifies excited state
absorption (blue). Differential transmittance spectra at selected
temporal delays (0.5, 1, 5, 10, and 50 ps) are also shown for the
(d) solution and (e) crystal.
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Transient Absorption Measurements

The ultrafast dynamics of Cu(I)-based complexes have been
investigated by several groups using various spectroscopic
tools.25−32 In a study by Tahara et al., femtosecond transient
absorption (fs-TA) spectroscopy was used to probe the
dynamics of the [Cu(dmp)2]+ complex following excitation
of the MLCT state (S1) at 550 nm.27 Their observations
delineated two distinct processes: a structural transformation
from a D2d (perpendicular) to a D2 (flattened) configuration
and a subsequent intersystem crossing from S1 to T1. These
processes were shown to occur on distinctly different time
scales: ∼0.8 ps for the structural change and ∼10 ps for the
intersystem crossing. In our study, we conducted fs-TA
measurements on the same Cu(I)-based complex, focusing
on both its solution and crystalline states. These measurements
were carried out after photoexcitation was induced at a
wavelength of 515 nm. This approach allowed us to validate
and extend the earlier observed dynamics and provided a
comparative insight into how the molecular environment,
solvent versus crystal, affects the ultrafast processes in the
complex.

Figure 3b shows the fs-TA data from the [Cu(dmp)2]+

complex in solution following excitation at 515 nm, with
selected temporal spectral traces in Figure 3d. The spectral
features identified are consistent with those previously
reported for this complex. Notably, the excited state absorption
(ESA) band at 600 nm observed in the transient spectrum at T
= 0.5 ps corresponds to transitions from the S1 state to higher
energy states. Additional ESA bands observed at ∼732, ∼665,
and ∼565 nm in the transient spectrum at T = 50 ps are
attributed to transitions from the T1 state to the T2, T3, and T4
states, respectively. The transient absorption spectrum of ∼400
nm thin [Cu(dmp)2]+ crystals is shown in Figure 3c with
spectral evolutions over various time intervals shown in Figure
3e. A prominent feature is the ground state bleach (GSB) at
approximately 540 nm, indicative of a more intense S1 ← S0
transition in the crystals compared with the solution. This is
likely due to structural pretwisting within the crystalline matrix.
Immediately following photoexcitation, an ESA feature at
∼595 nm appears, which is assigned to transitions from S1 to
higher energy states. As this band decays, there is an
emergence of two ESA bands at 630 and 683 nm, which are
interpreted as corresponding to transitions from the T1 state to
the T2 and T3 states, respectively.27 The third high energy ESA
band in the crystal data is possibly rendered invisible by the
strong ground state bleach. Figure 4 shows a comparative

analysis of the triplet state absorption features for both the
solution and the crystalline states, revealing a blue shift of these
bands in the crystal. This shift suggests a lower triplet state
energy in the crystalline form compared to the solution,
supporting our hypothesis of crystalline lattice-induced stress
on the photophysical properties of the complex.

To further elucidate the intricate dynamics observed, each
data set was subjected to global analysis.33 This method
allowed the extraction of results, which are represented as
species-associated difference spectra (SADS).34 These spectra
explicitly depict the transient species within a coupled rate
model framework, thereby clarifying the spectral transitions
and elucidating the interactions among various states.
Furthermore, the data were interpreted by using a sequential
model, implying a progressive evolution of species. This
analytical approach not only improves the resolution of
intricate spectral data but also supports the development of a
more accurate kinetic model for the transient phenomena
being investigated. The global fitting results of the solution
data are shown in Figure 5a (Figure S2 in the Supporting

Information presents quality of the fit). The sequential model
is used with three species, and the number of species selection
is based on the previously reported models. The first SADS is
created immediately after photoexcitation, which reveals ∼730
fs lifetime, shown in Figure 5a as a gray curve. This SADS
represents the perpendicular S1 state. The lifetime of this state
is slightly faster than the ∼920 fs observed by Tahara et al.27

Similarly, the lifetime of the second SADS corresponding to a
flattened S1 state has been extracted as ∼11.3 ps (shown in
Figure 5a as a red curve), which is slightly longer than the
lifetime of 9.8 ps reported by Tahara et al.27 This disparity in
observed lifetimes may be attributed to differences in the initial
photoexcitation energies used in the respective experiments.
Specifically, in the current study, the use of a 515 nm excitation
wavelength may have provided additional vibrational energy to
the S1 state with different Franck−Condon factors weighting
the internal and intersystem crossing transitions, which could
account for the variations in the recorded time constants.
Similarly, global analysis of the data from the crystalline sample
was analyzed to obtain SADS, which are shown in Figure 5b
(see Figure S3 in the Supporting Information for quality of the
fit). Comprehensive analysis through global fitting of the data
indicates that the lifetime of the perpendicular S1 state is
approximately ∼430 fs (SADS in gray, Figure 5b), while the
flattened S1 state exhibits a lifetime of about 3.9 ps (SADS in

Figure 4. Comparison of the triplet state absorption bands obtained
following 20 ps postphotoexcitation in solution (blue) vs crystal
(red). The absorption bands in solution centered at 665 and 732 nm
are blue-shifted to higher energies centered at 630 and 683 nm in the
crystal.

Figure 5. Species-associated difference spectra obtained from the
global analysis of the transient absorption data: (a) in DCM solution
and (b) crystal. A sequential model is used assuming stepwise
evolution of the species. The denotation (*) in the SADS of the
solution data corresponds to a Raman frequency of ∼2950 cm−1 of
the solvent DCM.
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red, Figure 5b). The long-time component in Figure 5b (blue)
represents the triplet state. The underlying reasons for these
specific lifetimes and their broader implications are explored in
the Discussion Section of this paper.
Coherent Nuclear Dynamics
The vibrational coherences observed during transient measure-
ments can provide important details toward understanding the
photoexcited behavior of molecular systems.35 Such coher-
ences can elucidate the structural dynamics and interactions
within a molecule and its environment postexcitation, offering
insights into the nature of electronic transitions and their
coupling to nuclear motions. Figure 6a shows the fs-TA

spectrum for the single crystal, featuring positive bands
indicative of the GSB centered at 535 nm, alongside negative
bands reflecting ESA centered at 595 nm. The time step for
these measurements was set at 5 fs. As already described, the
ESA band centered at 595 nm is associated with absorption
from the S1 state to higher energy levels. Oscillations tracing
the dynamics of these transient features are distinctly
observable across both spectral regions. Figure 6b shows the
kinetics of the ESA (blue) at 595 nm, where pronounced
oscillations overlay the kinetic decay, indicating the presence of
underlying vibrational frequencies. The exponential fit applied
to model the kinetic decay is shown as a black dashed line.
(The kinetics plots at different band positions in 2D data are
presented in the Supporting Information). To analyze the
dominant coherent vibrational mode observed, a Fourier
transform analysis was conducted on the residuals (shown as a
red trace in Figure 6c after excluding decay components. The
resulting power spectrum, shown in Figure 6d, exhibits a
dominant frequency of approximately 105 cm−1, together with
another significant frequency at about 20 cm−1.

To systematically extract vibrational frequencies from
various segments of the fs-TA spectrum, global fitting of the
data was used. The residuals from this fit, which remove the
primary kinetic components, were further Fourier transformed
across the full spectrum. The 2D vibrational frequency map
generated, which includes both the GSB and ESA regions, is
shown in the Supporting Information as Figure S5. Notable
low-frequency modes identified include 20 and 105 cm−1

modes, along with the 101 cm−1 mode attributed in the
literature to the “breathing” mode of the complex.27

To retrieve the temporal evolution of the ground and excited
state frequencies, data from the GSB and ESA regions are
further analyzed using wavelet analysis. The details on the
analysis are given in the Supporting Information. Figure 7a,b

shows the spectra obtained after wavelet analysis of the GSB
and ESA regions, respectively. Both spectra exhibit pro-
nounced oscillations with a magnitude around 105 cm−1, and
the oscillations observed in the GSB and ESA regions are
anticorrelated (see also the line sections in Figure 7c,d),
highlighting the distinction in vibrational dynamics between
the electronic ground and excited states. This anticorrelation is
a clear indicator of the distinct and independence of vibrational
responses in these different electronic states. Tahara et al. have
similarly reported a well-defined vibrational structure in the
perpendicular S1 state in their solution studies. The coherent
vibrations in the ESA region align with the vibrational
frequencies associated with the perpendicular S1 state, and
this coherence suggests that the ESA region can provide useful
insights into specific vibrational modes active in the excited
state dynamics of the complex. The observed coherent
breathing vibrations is attributed to the compaction forces
shortening the Cu−N bond due to the excitation of electron in
the HOMO having antibonding character to the LUMO.27

The ligand-twisting vibrations that induce a flattening motion
could not be observed due to the limited bandwidth of the

Figure 6. (a) Transient absorption spectrum of the [Cu-
(dmp)2]+[PF6]− crystal with a time step of 5 fs, which is a magnified
view of the TA spectrum in Figure 3 to clearly show the coherent
temporal oscillations. The GSB (red) and ESA (blue) both clearly
show oscillatory signatures. (b) Kinetics of the ESA (blue) and a fit
(black dashed). (c) Residuals shown in red. (d) Power spectrum
highlighting the vibrational frequencies involved.

Figure 7. Wavelet analysis of residuals for single crystals from (a)
ground state bleach, GSB and (b) excited state absorption. ESA are
presented as 2D maps. (c,d) Line sections at 105 cm−1 from (a) and
(b). The dampling time of the coherences is the same as the ultrafast
relaxation dynamics (∼430 fs).
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pump pulse, which was insufficient to impulsively excite these
vibrations.

■ DISCUSSION
The shorter lifetimes of the perpendicular S1 state (∼430 fs)
and the flattened S1 state (∼3.9 ps) within [Cu(dmp)2]+

crystals, compared to the solution phase, illustrate the impact
of lattice-induced stress on the dynamics of excited state
populations. The accelerated JT structural distortion observed
can be rationalized by the preorganized geometry of the copper
complex in the crystalline state, which is preoriented for the
formation of Cu(II) following excitation of the MLCT band.
Consequently, the system requires less reorganization, with an
associated smaller barrier to post photoinduced charge transfer.
On the other hand, the reduced lifetime of the flattened S1
state may be attributed to a combination of accelerated internal
conversion to the ground state and expedited triplet formation.
The latter process could occur if the flattened S1 state exhibits
a deviation from the square planar geometry. This distortion
would lead to variations in spin−orbit coupling (SOC)
between the relaxed S1 and T1 states in both the crystal and
solution phases. Previous studies of [Cu(dmp)2]+ have
indicated that the Franck−Condon (FC) geometry involves
an SOC of 300 cm−1 between the S1 and T1 states.24 However,
poststructural distortion, this SOC value diminishes to about
30 cm−1. In this regard, the accelerated triplet formation is
possibly due to hindered planarization of the ligand within the
crystal lattice, leading to a relaxed S1 state in crystals with an
increased SOC value. Consequently, the more relaxed S1 state
in crystals, characterized by a partially flattened geometry,
would possess a higher energy compared to that of the relaxed
S1 state in solution. Furthermore, our transient analysis
suggests stabilization of the T1 state in crystals compared to
the solution phase in DCM, potentially altering the vibronic
spin−orbit coupling between these states.

The potential energy diagram in Figure 8 summarizes our
main findings and provides an understanding of the photo-
induced processes in the [Cu(dmp)2]+ complex, in both
crystalline form and in solution. The molecular geometry of
the complex in its ground state (S0) is prealigned along the
coordinate of the photoinduced JT distortion in the crystalline
state. On resonant excitation of the MLCT transition to the S1
state, the oxidation state of copper shifts from Cu(I) to Cu(II),
which drives the JT distortion, leading to the relaxation of the
S1 state (S1

relax). Notably, the crystalline form of the complex
exhibits faster structural dynamic response compared to the
solution form in DCM. This observation can be similarly
understood as the extent of JT distortion in the crystalline state
may be less pronounced than in the solvated state. This
partially relaxed geometry may exhibit higher spin−orbit
coupling (SOC), thereby promoting faster triplet formation
in crystals. Also, the energy level of the triplet state (T1) in the
crystalline form of the complex is likely to be lower than that in
the solution phase. These variations underscore the significant
impact of the surrounding matrix on the electronic and
dynamic properties of the [Cu(dmp)2]+ complex, following
photoexcitation.

■ CONCLUSIONS
In this work, we have described time-resolved studies of
[Cu(dmp)2]+ crystals utilizing fs-TA spectroscopy. Within
these crystals, the [Cu(dmp)2]+ complex is found in an

entactic state induced by lattice stresses. This state significantly
influences the dynamics observed in the excited states.
Notably, the photoinduced JT distortion occurs more rapidly
in the crystal environment, reducing the lifetime of the FC
perpendicular S1 state to ∼430 fs, in contrast to ∼730 fs in
solution. Our study also details the coherent vibrational
dynamics that accompany these structural distortions.
Furthermore, the shorter lifetime of the flattened S1 state
(S1

relax) in the crystalline state, at a measured 3.9 ps compared
to 11.3 in the solution phase, suggests a larger SOC and more
rapid intersystem crossing due to the partially flattened
geometry. Thus, our findings demonstrate how lattice-induced
entasis can significantly alter the excited state dynamics of
Cu(I)-based complexes. The modulation of SOC by lattice
stress offers a foundational principle for designing Cu(I)-based
metal−organic frameworks tailored for triplet-state-based
photocatalysis. By engineering lattice stresses within these
frameworks, it is possible to enhance the yield of triplet states,
which are crucial for photocatalytic activity in Cu(I)-based
systems. Alternatively, these stresses can also be utilized to
stabilize singlet states, facilitating singlet photochemistry
applications. This study highlights the potential of lattice
stress manipulation in tuning the photophysical properties of
metal−organic materials for specific catalytic and photo-
chemical functions.

■ MATERIALS AND METHODS

Synthesis of the [Cu(dmp)2]+[PF6]− Complex
[Cu(dmp)2][PF6] was prepared by the method reported in the
literature. The synthesis of the copper complex was systematically
prepared by first preparing a 50:50 mixture of water and methanol,
which was buffered using acetate to maintain a stable pH. Into this
buffered solvent system, sodium hexafluorophosphate (NaPF6) was

Figure 8. Potential energy scheme summarizing a comparative
analysis of the photinduced processes in the [Cu(dmp)2]+[PF6]−

complex in crystalline and solvated states. Molecular geometry of the
complex in the ground state, S0, is preoriented along the photo-
induced JT distortion coordinate. On resonant excitation of the
MLCT transition to S1, Cu(I) changes to Cu(II), driving the JT
distortion to the S1

relax nuclear configuration. The crystal showed
faster dynamics of relaxation and intersystem crossing compared to
the solution in DCM. It is speculated that the extent of distortion
within the crystal might not be as significant as in the solution due to
crystal contacts limiting the degree of relaxation. The energy level of
the triplet state (T1) in the crystal is also likely lower compared with
that in solution.
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introduced and allowed to dissolve completely. Subsequently, 2,9-
dimethyl-1,10-phenanthroline ligand (Merck) and copper(II) sulfate
pentahydrate, CuSO4·5H2O (Merck), were added into the solution
mixture. To facilitate the reduction of copper(II) to copper(I),
essential for forming the desired copper(I) complex, ascorbic acid was
added as a reducing agent. The final step involved the gradual
evaporation of methanol under controlled conditions, which led to the
precipitation of orange-colored crystals. These crystals represent the
copper complex in its solid form, characterized by its distinct
coloration, which is indicative of successful complex formation. The
obtained crystals were further recrystallized in methanol.

For the optical studies, the crystals of [Cu(dmp)2][PF6] were
microtomed to a thickness of 400 nm using a LEICA EM UC7
microtome equipped with a DiATOME diamond knife (45°, 3.0
mm).

MicroED
[Cu(dmp)2][PF6] crystals were ground into a fine powder between
two glass slides and deposited onto a lacey carbon grid (300 mesh,
copper) that had been glow discharged for 45 s. Grids were loaded
under liquid nitrogen into a CryoARM300 (JEOL) operating at 300
kV. Diffraction movies were recorded using a SerialEM script
developed in-house that synchronized slow stage rotation (0.25°
s−1) with a K2 summit direct electron detector (GATAN) operated in
counting mode.36,37 Each data set was collected with an electron flux
of 0.008 e−/Å2/s and rotated over 90° for a total fluence of 2.88 e−/
Å2. Diffraction movies were collected from 15 crystals in Tiff format
and converted to MRC by a python script developed in-house, which
performed hot pixel removal, gain correction, and data binning. Data
reduction (indexing, integration, and scaling) was performed in
DIALS.38,39 The final data set consisted of 5 of the 15 movies merged
for phasing by direct methods in Shelxt.40 The structure was then
refined in Shelxl41 and Olex2.42

Femtosecond Transient Absorption Measurements
Transient absorption (TA) measurements for the [Cu(dmp)2][PF6]
complex in both methanol solution and crystalline forms were carried
out using a custom-built TA setup as described in detail
previously.43,44 The system employs a commercial Nd-based
PHAROS laser from Light Conversion that emits a fundamental
beam at a wavelength of 1030 nm with an output power of 1 W at a
frequency of 1 kHz. A beam splitter is used to divide this fundamental
beam into pump and probe beams: 20% of the beam is directed
through a 3 mm YAG crystal to produce a white light probe beam,
while the remaining 80% is used to generate a 343 nm pump beam via
a third harmonic generation process. The pump beam’s intensity is
modulated using a Thorlabs chopper set to 500 Hz, and its energy is
adjusted with a series of neutral density filters. At the point of
interaction with the sample, the pump and probe beams measure
∼190 and ∼100 μm in diameter, respectively. A 150 mm linear
motorized delay stage from Newport is employed to control the
timing between the pump and probe beams. The probe spectra at
each time delay are captured using a spectrograph (model 9055 from
Sciencetech) coupled with a charge-coupled device (CCD) linear
image sensor (model S11156-2048-02 from Hamamatsu Photonics).
All measurements were conducted at room temperature, 21 °C. Time-
resolved absorption spectra were measured with ∼190 fs time
resolution. To prevent damage and maintain sample integrity during
measurements, the cuvette was mounted on a motorized shaker. For
optimal signal-to-noise ratio, 600−800 spectra were averaged for each
time delay. The un-normalized absorptions of the [Cu(dmp)2]+ in
solution and crystal at pump excitation wavelength 515 nm are ∼0.22
and ∼0.3 OD, respectively. The photon fluence was accordingly
adjusted, ∼3 × 1017 photons cm−2 (solution) and ∼2 × 1017 photons
cm−2 (crystal), to achieve approximately the same number of photons
absorbed. To ensure data consistency, experiments were repeated on
different samples.

The measured TA data was subsequently processed for chirp-
correction using MATLAB and then analyzed with Glotran 1.5.1
software for global analysis.45 The details of the wavelet analysis have

been provided in our earlier reports.46,47 It has also been briefly
described in the Supporting Information.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00047.

Supplementary details on sample characterization
including an image of crystals of [Cu(dmp)2]+[PF6]−,
structure refinement statistics, kinetic plots for TA data,
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frequency map, and descriptions of the wavelet analysis
methods (PDF)
The atomic coordinates elucidated by microED have
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Centre with reference number CCDC 2383111. The raw
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