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Ultrafast Structural Flattening Motion in Photoinduced Excited
State Dynamics of a Bis(dimine) Copper(l) Complex
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DOI: 10.1039/x0xx00000x The ultrafast photoinduced structural change dynamics of a prototypical Cu(l) complex, namely, [Cu(dmp),]* (dmp = 2,9-
dimethyl-1,10-phenanthroline), is investigated based on the theoretical analysis of static and dynamical calculations at all-
www.rsc.org/ atomic level. This work mainly focuses on the intriguing structural flattening feature of [Cu(dmp),]” occurring in the metal-
to-ligand charge transfer singlet excited state (*MLCT) on the sub-picosecond timescale. Our estimated time constant
(~675fs) of this “flattening” motion is in good agreement with recent experimental values. The full-dimensional excited-
state nonadiabatic dynamic simulation provides a direct view of the ultrafast photoinduced events of the [Cu(dmp).]’,
especially, the structural flattening mechanism on the S; state. Several molecular motions (such as Cu-N stretching, the
motion of the substituted groups etc.) with distinguishable time scales are involved in the flattening dynamics. The Fourier
transformation of the time-dependent oscillation of Cu-N bond and N-Cu-N bond angle provides consistent conclusions
with the experimental spectrum analysis. These dynamics details imply that various nuclear motions are strongly coupled
in the high-dimensional excited-state potential energy surface responsible for the geometrical evolution of [Cu(dmp),]".
This work provides us a unique fundamental understanding of the ultrafast photoinduced excited-state nonadiabatic
process of Cu(l) complexes and their derivatives, which should have potential impacts to various research fields, such as
photo-catalysts, dye-sensitized solar cells (DSSCs), and organic light emitting diodes (OLEDs).

received significant attentions due to their visible absorption
Introduction and long-lived emission of the metal-to-ligand charge transfer
(MLCT) states®, which are highly suitable for photosensitizers
and photocatalysts. By the comparison with the well-known
[Ru(bpy);]*" system’ 2" 2% an interesting feature of the Cu(I)
complexes is their photoinduced structural change, namely
“flattening” dynamics on the excited states*>2°. Upon
excitation, a d electron of the central Cu(l) is transferred to the
ligands, and the central copper is formally oxidized from Cu(I)
to Cu(ll). Therefore, the geometrical evolution of the
Bis(diimine) Cu(I) complexes on the excited state is sometimes
explained by the structural difference between tetrahedral Cu(I)
complexes and square planar Cu(Il) complexes. The former
Cu(I) (d'%) mostly prefers the four-coordinated (tetrahedral)
geometry, while the latter Cu(Il) (d°) prefers a six- (distorted
aiming at understanding their fundamental photophysical and octahedral) or ﬁve-coog;l ir;z,ted (square pyramidal or trigona+l
18,19 bipyramidal) geometry”” “°. For example, the [Cu(dmp),]
) (dmp = 2,9-dimethyl-1,10-phenanthroline) is a well-known
prototypical Bis(diimine) Cu(I) complex (Fig. 1), which could
undergo a large photoinduced structural flattening % 2°",

The copper complexes, especially Cu(l), usually exhibit highly
interesting and complicated excited state dynamics, such as
metal-to-ligand charge transfer (MLCT) excitation in the
visible range, the long-lifetime triplet MLCT states, and the
photoinduced structural flattening' . As a group of photovoltaic
materials alternative to the relatively expensive ruthenium(II)

and osmium(Il) complexes”!°

, the complexes based on more
abundant Cu(I) have attracted much attentions due to their
redox and luminescence properties potentially applicable for

114§ . photocatalysts'®, dye-sensitized

diverse applications
solar cells (DSSCs)'®, and organic light emitting diodes
(OLEDs) materials'”. Their possible extensive applications

have become the main driving force for large research efforts

photochemical properties
Among them, several Bis(diimine) Cu(I) complexes have
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Fig. 1 Photoinduced structural flattening of the [Cu(dmp),]* in the '"MLCT excited state. The hydrogen atoms were omitted for
clarify. Possible motions between dmp ligands, namely wagging, rocking and flattening motions, were defined.

The photochemistry and photophysics of Bis(diimine) Cu(I)
complexes are governed by various excited-state processes,
including internal conversion (IC), structural flattening
distortions, intersystem crossing (ISC), and etc. Due to their
complicated ultrafast structural dynamics, a detailed
understanding of these processes requires both state-of-art
experimental observations and sophisticated theoretical studies.
So for, the time-resolved spectroscopic investigations of
[Cu(dmp),]” and its derivatives have been performed by a few
groups®2* 20-29.30.3539 “Typically, early ultrafast excited states
dynamics of [Cu(dmp),]" displays two time constants, one sub-
picosecond (i.e. 660fs, 800fs) and one on the order of 10-20
ps®®*. The sub-picosecond component was originally assigned
to ISC in the early study of Chen et al., due to the structural
similarities of [Cu(dmp),]" and Ru(bpy);]**, while the longer
2 A
studies ~ with
multiconfigurational (MCTDH)
approach?, based on a reduced model Hamiltonian, also
highlighted the possible role of ISC at the Franck-Condon (FC)
geometry. However, the assignment of the ISC process is still

component was assigned to structural rearrangement

recent quantum wavepacket dynamics

time-dependent  Hartree

an open and controversial problem. For example, Nozaki and
co-workers reported different assignments®*, in which ISC was
assigned to the slower time component (10 —20 ps). Later,
Chen and co-workers also reported a reversal of their previous
assignments, and concluded that the ISC should occur on longer
time scales, much slower than the initial structural distortion.

34, 20, 29, 38, 31 .
» 7 7% 2% 20 usually assigned the

Nowadays, several groups
shortest time component (a few hundred femoseconds) to IC
and structural flattening, and the longer time component (10-20
ps) to ISC. Tahara and co-workers further demonstrate that the
time scales of the structural flattening and the ISC in the lowest
'MLCT state are clearly well-separated, with time constants of
~0.8 ps (structural change) and ~10 ps (ISC) for a few
Bis(diimine) Cu(I) complexes.’® 3! In the theoretical aspects,
although a few uncertainty of the assignments *°, it is clear that
the structural flatterning distortion largely weakens of spin-

orbital couplings, further significantly slows down the ISC

2| J. Name., 2012, 00, 1-3

process of [Cu(dmp),]” as the structure distorts away from the
ideal tetrahedral geometry** 3!,

Recent femtosecond time-resolved spectra demonstrated that
the flattening distortion predominantly occurs in the 'MLCT
39-31 which is a typical

character in a series of Cu(l) complexes. To address this issue,

state on the sub-picosecond time scale,

we focus on the early stage of photoinduced excited-state
dynamics attributable to the ultrafast IC and the structural
flattening distortion. Currently, the full-dimensional excited-
state dynamics for the large transition metal complexes is still a
the on-the-fly nonadiabatic
surface hopping dynamics at the TDDFT level were performed
to study the excited-state dynamics of the [Cu(dmp),]* complex.
The on-the-fly scheme includes all nuclear degrees of freedom,

great challenging topic. Here,

which is very suitable to provide a rather illustrative picture of
the large structural changes of the realistic [Cu(dmp),]”
complex in the '"MLCT excited state. Our calculations predicted
the time constant of the “flattening” dynamics in good
agreement with a series of recent experimental values.?- 2% 33
3831 Our calculations also clearly identified the role of various
electron-nuclei coupled motions involved in the structural
flattering dynamics. This work is supposed to provide us some
fundamental atomic-level insights on the excited state dynamics
of the Bis(diimine) Cu(I) complex in the applications of
photocatalysts, dye-sensitized solar cells (DSSCs), and organic
light emitting diodes (OLEDs).

Methods

The minimum-energy geometries of the [Cu(dmp),]” complex
for the ground state (Sy) were optimized at the DFT/6-31G*
with BHandHLYP, MO06-2X, and CAM-B3LYP
functionals. The low-lying singlet excited state geometries and

level

properties were computed using the TDDFT method with a few
functionals (BHandHLYP, M06-2X, and CAM-B3LYP). All
any symmetry
constraints. The vertical excitation energies, and simulated
spectra were computed at the TDDFT/6-31G* level for a few
low-lying excited excited states. For validation, our results at
the DFT/TDDFT available

optimizations were performed without

level were compared with

This journal is © The Royal Society of Chemistry 20xx
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experimental data. For the bis(diimine) Cu(I) complexes, the all
electron basis sets were commonly used in recent theoretical
investigations due to their good performance compared with
experimental data’*’. The similar approaches were also taken
by a few of extensive benchmarking studies for the ground and
excited properties of some copper complexes with various
theoretical methods *'***. Thus an all electron basis set 6-31G*
basis set was employed here, because the computational cost is
still acceptable in this model. Certainly, when the larger copper
complexes are considered, the effective core potential of
copper becomes a practical approach to speed up the electronic-
All

performed with Gaussian 09 package®’.

structure calculations. the above calculations were
The ultrafast excited-state dynamics of the [Cu(dmp),]”
complex was investigated by on-the-fly surface hopping
approach. Here, we give a short description of the semiclassical
trajectory surface hopping procedure** %, especially, the on-
the-fly dynamics, which have been adopted in the JADE
package ***7. In the surface hopping dynamics, the nuclear and
electronic degrees of freedom are treated by classical and
quantum dynamics, respectively. The motion of the nuclear
degrees of freedom are represented by independent classical

trajectories on the currently occupied electronic state, which is

computed by the numerical integration of Newton’ s equations.

The electronic motion is treated by the propagation of

electronic ~ wavefunction by  solving
step,

transitions between excited states were taken into account via

time-dependent

Schrédinger equation. At each time nonadiabatic
Tully’ s fewest switches approach*. Finally a large number of
trajectories were computed to achieve the final statistical
meaningful results. This approach is possible to treat relatively
large and realistic molecular systems with full degree of
freedom (DoF).

electronic-structure and advanced dynamical methods with full

Dynamics treatment with more accurate

dimensionality should represent the great challenge for the
future. The potential energies and nuclear gradients were
computed by the TDDFT method. The numerical nonadiabatic

couplings with respect to time*® 4> 3% 3!

were adopted in the
nonadiabatic surface hopping dynamics as implemented in
JADE package®, since the analytic nonadiabatic couplings at
the TDDFT level are still not commonly available in most of
the

proposed by Granucci et. al.’? was taken and the parameter is

standard QC packages. The decoherence -correction
set to a=0.1 Hartree. The time step for integration of classical
equations was 0.5 fs and of quantum equations, 0.005 fs. The
initial geometries and velocities of the excited state dynamics
simulations were generated from the Wigner distribution

This journal is © The Royal Society of Chemistry 20xx

function %

of the first vibrational level of the ground
electronic state. The absorption spectrum was also calculated at
TDDFT level by collecting the oscillation strength at the
corresponding transition energy over a large number of sampled
geometries. Starting from the initial sampling geometries of the
ground state, the [Cu(dmp),]” complex is electronically excited
to the S, (S, or S;) state, as reported in the experimental
studies®® 3% 20-29.30-35.38. 31 And 78 trajectories starting from
each state (S,/S;) were calculated. The CAM-B3LYP*® and
MO06-2X>® functionals were used in the TDDFT calculations.
All calculations and data analysis were done within JADE
package, interfaced with Gaussian 09 package. A few technical
details in the trajectory analysis were summarized in the

Supporting Information (SI).

Results and Discussions
The Structures and Properties of the [Cu(dmp),]” Complex

In Fig. 1, we show the optimized ground (S,) and low-lying
excited state (S,) geometries of the [Cu(dmp),]". The optimized
geometry at the S, state of [Cu(dmp),]” confirms the
perpendicular orientation of the dmp ligands (D,q symmetry) *
3420 The lowest singlet excited state (S;) of the [Cu(dmp),]"
complex was optimized without any symmetry constraints. A
significant geometric distortion between the ground and the
excited state was observed (Fig. 1). The interligand dihedral
angle (@) was 70.4°at the S, minima. The details of the
calculations of the interligand dihedral angle (¢) were given in
SI. The critical geometric parameters with CAM-B3LYP, M06-
2X and BHandHLYP functionals were also collected in Table
S1. Interestingly, the Cu-N bond length for each ligand is split
into two groups on the excited-state minima. Two Cu-N bonds
associated with one ligand become shorter, while the other two
Cu-N bonds become longer. This indicates that the geometries
of two ligands become not fully equivalent at the S; minima.
The geometry evolution on the excited state should be
attributed to different electronic transitions at the perpendicular
and flattened geometry (Fig. S1). At the perpendicular
geometry, the LUMO orbital is delocalized over both dmp
ligands. Meanwhile, at the flattened geometry, the LUMO
orbital is localized on one dmp ligand, and the excitation was
from the copper ion (HOMO) to one of the dmp ligand
(LUMO). This asymmetrical excitation also explains the slight
geometrical difference of two ligands at the S; minima.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 (a) The definition of interligand dihedral angle (@) between dmp ligands; and the optimized structures of the [Cu(dmp),]”
complex at CAM-B3LYP level for (b) the ground state (Sy); (c) the low-lying S; excited state.

We then analyzed the nature of low-lying singlet excited states
with the transition density analysis approach®*’. Two blocks
(the copper ion and dmp ligands) were used to build intra-unit
and inter-unit transition probabilities. It is clear that the low-
lying excited states (S;, S,, and S3) are typically MLCT states
(Fig. S2). Table 1 lists the calculated and experimental
excitation energies. For [Cu(dmp),]", the experimental
assignment of the '"MLCT absorption peaks are about 2.71 eV
(Sp—S,, n=2 or 3) with a weaker shoulder at 2.31 eV (S;—S)).
38 The excitation energy from S, to S, is relatively higher for
BHandHLYP and M06-2X functionals, while the CAM-B3LYP
functional seems to improve the prediction of the Sy—S,
excitation energy. The better performance of CAM-B3LYP
functional® could be rationalized by its improvement on the
charge transfer states (S;, S,, and S;) in the description of the

This journal is © The Royal Society of Chemistry 20xx

[Cu(dmp),]" complex. However, a perfect agreement between
theory and experiment should not be expected, since absorption
spectra are measured in solvent. The difference between
theoretical and experimental results is largely reduced, when
our calculations took both the [Cu(dmp),]” cation and its
counterpart anion (PF¢") into account. After the inclusion of its
counterpart anions (i.e. PFg), the Sy—S; excitation energy
(~2.43 eV) was comparable to the experimental one (~2.31 eV).
Note that the effect (in
dichloromethane) only This
excitation energy dependence on the existent of the PF4 anion
may be partially caused by the structural distortion effects
(9=85.9°, in Fig. S3), which 1is consist with X-ray
crystallographic data (¢p=68°~88°) on [Cu(dmp),]” complex
with various counterpart anions™ ®'-% %> The excitation energy
would be lowered by ~0.1 eV along with the decreasing of the

incorporation of the solvent

shows minor contribution.

J. Name., 2013, 00, 1-3 | 4
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interligand dihedral angle (Fig. 3a). And the present of the
anion may also stabilize the MLCT excited state species and
lower the excitation energies. Further transition density analysis
of [Cu(dmp),](PFs) complex confirms that the low-lying
excited states (S;, S,, and S3) are still typically MLCT states
(Fig. S4). The anion effects show minor contribution to the shift
of the absorption peak (Fig. S5). Although the existence of the
anion has little effect on the position of the main absorption, the
anion slightly changes the relative intensity of the shoulder

ARTICLE

compared to the absorption spectra of the [Cu(dmp),]*. On the
basis of a few experimental reports > 2* %, the weak shoulder is
attributed to the weak absorption of the first singlet MLCT
transition for the geometries with slightly flattened
pseudotetrahedral structure. Overall, the result of CAM-B3LYP
functional is reasonable in our studies of the [Cu(dmp),]”
complex.

Table 1. The calculated and experimental excitation energies (eV) of the [Cu(dmp),]" and [Cu(dmp),](PFs) complex. The effect of
the dichloromethane solution was taken into account with a single point calculation at the TDDFT/CAM-B3LYP level with PCM

model (in the bracket).

Species [Cu(dmp),]" [Cu(dmp),](PFe)
BHandHLYP M06-2X CAM-B3LYP CAM-B3LYP exp.*
S 3.11 3.03 2.62 243 (2.47) 2.31
S, 3.20 3.14 2.73 2.57 (2.60) 271
Ss 342 3.39 2.94 2.96 (2.98) '

?values are taken from ref. 38.

The photoinduced structural flattening is an important feature
of the Cu[(dmp),]" complex. Herein, we performed an PES
analysis along the interligand dihedral angle (¢, see Fig. 2) for
the low-lying singlet excited states. The geometries were

relaxed on the ground state along this interligand dihedral angle.

As shown in Fig. 3a, the topology of the PES for S; and S,
states are relatively flat at or near tetrahedral geometry (FC
region with ¢=90°). Furthermore, the excitation energy of the
S, state is lowered when the Cu[(dmp),]" complex distorts

away from its tetrahedral geometry. In order to get more insight
on the geometric dependent of '"MLCT states, the transition
density corresponding to the metal-to-ligand charge-transfer
component is shown in Fig. 3b as a function of the interligand
dihedral angle. For the S; state, the charge transfer between
metal and ligands is only weakly dependent on the interligand
angle. Meanwhile, the dependence of S, and S, state becomes
more visible.
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Fig. 3 (a) The potential energy curves of S;, S,, and S; states, as a function of interligand dihedral angle (¢). (b) the transition
density amplitude of the metal-to-ligand charge-transfer component for S;, S,, and S; states as a function of interligand dihedral
angle (@), which can be used to measure the contribution of the charge-transfer component for each state.
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Photoinduced Excited State Dynamics of the [Cu(dmp),]" Complex

Here, we try to investigate the early-stage ultrafast dynamics on
the coupled low-lying singlet surface, and its subsequent
structural flattening on the S; state. The experimental works
usually study the excited-state dynamics starting from the
higher S, (S, or S;) state *® 3. Thus, we begin our ultrafast
nonadiabatic dynamics simulation from the S, state. Previous

(a)

1 T T

- B
r NAarN/ =~

0.8

=N
T
=

Occupation

S
I
-

(b)

experimental studies proposed that, after the [Cu(dmp),]” is
excited in to the S, state, the excited state decay process is
composed of several processes with distinguishable time scales,
namely the ultrafast IC to the S; state, the structural flattening

distortion on the S; state, and the subsequent ISC process
20,29, 30, 35, 64,38, 31

around 10-20 ps.

0.8

0.6

0.4

Occupation

100 200

time (fs)
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9 50

100 150

time (fs)

200

Fig. 4 (a) The average fractional occupation of trajectories for each state starting at S, state, and the dashed line was calculated at

MO06-2X level; (b) the average fractional occupation of trajectories for each state starting at S; state.

The Initial Ultrafast Nonadiabatic Dynamics

Fig. 4a shows the average fraction of trajectories for each state,
after excited into S, state. For [Cu(dmp),]’, the initial quick
drop of the S, population is observed within first ~30 fs. And
then, the continuous decay of the S, state takes place from 20%
to 5% along with fast oscillations. Later, the S, population is
kept below 10% beyond 100 fs. This ultrafast decay of the S,
state is relatively faster than the experimental data (t = 47 fs) *'.
This is expected, due to the ignorance of the hindrance effects
of solvent molecules, the missing of the anion or the lackness of
the possible contribution from the minor ISC channels. The S,
population increases to more than 90% beyond 100 fs. In Fig.
4a, the S; state shows a low probability in the initial stage of the
trajectories, which can be rationalized by the PES profile of the
S; state (Fig. 3a). At the FC geometry, the energy gap between
S, and S; is smaller. In addition, it may also become closer
during the trajectory propagation (Fig. S6). We also tried to
examine the dependence of the excited-state decay on DFT

This journal is © The Royal Society of Chemistry 20xx

functionals. Compared with CAM-B3LYP results, the M06-2X
functional predicts the similar ultrafast decay behavior,
although slightly slower decay of the S, state is observed.
Finally, the excited state dynamics from the S; state was also
considered (Fig. 3b). The decay to the S; state takes place with
the time constant about 50 fs, which is similar to the recent
experimental assignment of initial IC process to the S1 state®!.
Although the ground electronic state (Sy) was also included in
the current surface hopping dynamics, we do not see any
trajectory jumping to the S, within the simulation time scale
(Fig. S7, S8). Overall, no matter which state the trajectories
start from, after the quick drop of fractional occupation of the
initial state (S,), the system stays on the S; PES. Overall, the
subsequent excited state dynamic behavior is quite similar. And
thus we would perform further trajectory analysis based on the
simulation (TDDFT/CAM-B3LYP level) starting from S, state
in the following discussions.

J. Name., 2013, 00, 1-3 | 6
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Fig. 5 (a) Two dimensional geometric distribution of the Cu-N distance and interligand dihedral angle (¢) for the S,—S; hopping
structures; (b) the Cu-N bond stretching of [Cu(dmp),]" as a function of time (fs).

Next, the distribution of the Cu-N distance and interligand
dihedral angle (¢) was analyzed during the S,—S; hopping
events. Fig. Sa indicates that nearly perpendicular geometries
are preferred at the avoided crossing points (S,/S;); however,
the slightly distorted geometries are also possible. Generally,
the hopping geometries retain similar as the initial FC geometry
at the S, state. During the ultrafast IC dynamics from the S, to
the S; state, the significant Cu-N stretching motion was
observed, which mainly splits into two branches (Fig. 5b). This
can be rationalized by the following fact. When the system
moves away from the FC geometry, the S; state displays the
electronic character corresponding to the MLCT transition of a
single electron from the copper ion (HOMO) to one of the dmp
ligands (LUMO) (Fig. S1). This electrostatic
between the copper ion and ligands may induce a sudden force

interaction

to drive the Cu-N stretching motion. The asymmetrical
electronic excitation should induce different force for the Cu-N

bonds on two ligands, resulting in the splitting feature in Fig Sb.

This journal is © The Royal Society of Chemistry 20xx

After this, the structural flattening distortion begins to occur on
the S, state with longer time-scale dynamics.

The S, State Structural Flattening Dynamics

In the following discussion, we focus on the structural
flattening dynamics on the S; PES within one picosecond.
Recent experimental studies reveal that the timescales of the
successive structural change and ISC process seems to be well-
separated, occurring with time constants of ~600-800 fs and
~10-20 ps. **® Based on these experimental observations, the
ISCs into the triplet states should be rare within the sub-
picosecond timescale. Instead, the ISC process may occur on
the time scale of ~10 ps, which is beyond our on-the-fly surface
hopping dynamic simulation. Therefore, we pay our attention
on the early-stage dynamics, especially, the unique structural
flattening in the S, state for various Cu(l) complexes, which is
supposed to be the major contribution (~70%)*° within the
subpicosecond time scale.

J. Name., 2013, 00, 1-3 | 7
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Fig. 6 (a) Time evolution of the interligand dihedral angle (¢); (b) The dihedral angle of one dmp ligand with respect to its initial

frame, as a function of time.

The time evolution of the distribution of the interligand
dihedral angle (¢) was shown in Fig. 6a. We also provided time
evolution of the interligand dihedral angle for several specific
trajectories (Figure S9). Initially, the structural flattening
motion is minor within the first 200 fs. Then the structural
flattening angle begins to appear, and becomes stable around
600-750 fs. If we take the middle value as the structural
flattening time constant (~675 fs), this agrees well with
experimental assignment of time constants of the structural
flattening distortion within 1000fs?® 3% 373% 31 j e 660fs* or
800fs** . Furthermore, the current calculations clearly show
that the IC dynamics to the S; state (<100 fs) and the beginning
of structural flattening motion on the S; state (~200 fs) are
indeed well-separated, as suggested by a series of recent
experimental studies ** 33! Note that the interligand dihedral

This journal is © The Royal Society of Chemistry 20xx

angle (@) becomes stable until about 70° or 110°, which is very
close to our optimized geometry of S; state (¢=70.4°, Fig. 2).
Additionally, the trajectories mainly split into two branches in
terms of the directional behavior during the structural flattening
dynamics. The clockwise and anti-clockwise flattening motions
are nearly identical, while different ratios for each branch may
be expected if this symmetric character is destroyed, i.e. by the
inclusion of its counterpart anion or asymmetric substitutes. We
also tried to monitor the motion of each dmp ligand with
respect to its initial frame (see SI), as a function of time (Fig.
6b). For a specific trajectory, the rotation of one dmp ligand
may range from less than 5° to as large as 15° (Fig. S9). On
average, each dmp ligand rotates about 10° to complete this
structural flattening distortion.
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Another interesting feature of the Bis(diimine) Cu(I) complexes
is their cooperatively steric hindrance influence of the
substitutes effects at the 2,9-positions of 1,10-phenanthroline,
which can dramatically influence the excited state
characteristics and dynamics. 3% 3%31.6
square deviation (RMSD) is used to monitor the motion of the
methyl group (-CH;) with respect to its initial structure along
the trajectories. We also analyzed the correlation between the
relaxation of methyl group and the evolution of the interligand
flattening angle (). Our results indicate the structural flattening
process takes place in a stepwise manner (Fig. 7). Within the
first ~ 200 fs, the relaxation of four methyl groups starts prior to
the structural flattening dynamics, which is obviously reflected

® Here, the root-mean-

This journal is © The Royal Society of Chemistry 20xx

by the increasing RMSD values, in contrast to nearly constant
interligand dihedral angle (¢). Later, the dihedral angle ()
begins to increase along with the relaxation of methyl groups.
After ~700 fs, the dihedral angle keeps stable (¢p=70°), while
the methyl groups undergo further relaxation. Therefore, the
active motion of the substituted groups should be considered to
achieve the proper topographic description of the excited state
PES. This feature also implies that the different substituted
moieties attached in the ligand may have potential influences
on the geometrical evolution dynamics for Bis(diimine) Cu(I)
complexes. A few recent experiments have been reported to
utilize the substitute effects to improve the performance of

copper(I)-based dye sensitized solar cells, 173 64 38.18. 66

J. Name., 2013, 00, 1-3 | 9




Physical Chemistry Chemical Physics

Journal Name

°

Distance (A)
™)

1
600

0.03

400 800

Frequency (cm™')

1200 1600 2000

100

N-Cu-N angle (°)

1 I
500 750

time (fs)

1
250

800

Frequency (cm'l )

400 1200 1600 2000

Fig. 8 Time evolution of the Cu-N bond length (a) and the N-Cu-N bond angle (b); the Fourier transformation of the Cu-N bond
length (c¢) and the N-Cu-N bond angle (d). The zero component of the Fourier transform has been truncated for illustrative

purposes.

Finally, we pay our attention to the time evolution of several
critical geometric parameters. Significant fluctuations of the
Cu-N bond length and N-Cu-N bond angle were observed (Fig.
8), which implies the collective nuclear motion on the S, state’".
Fig. 8 also shows the Fourier transformation of the oscillation
of the Cu-N bond length and N-Cu-N bond angle. Due to the
limited simulation timescale, the resolution of the Fourier
transformation may not provide a very explicit assignment.
However, we may provide an rough assignment of the several
important frequency domains of vibrational motions on the
basis of recent spectroscopic and theoretical studies ** *°. For
instance, the vibration (~150 cm™) with the largest contribution
(Fig. 8b) is very close to the largest contribution (125 cm™) in
the Fourier transformation of the oscillation in the transient
absorption signal®®. Tahara and co-workers have assigned this

This journal is © The Royal Society of Chemistry 20xx

vibration to the “breathing” motion of the complex, i.e. the
collective oscillation of Cu-N bond. Note that this vibration is
related to the oscillation with the period of ~300 fs , which can
be easily identified in Fig. 8a as well. The vibrations around
200~300 cm™ could be assigned to the rocking motions. The
smaller peak around 430 cm™' is related to the bending motion
involving the N-Cu-N bond angle. The vibrations with higher
frequency (~800 cm™) could be attributed to the vibrations
containing Cu-N stretching motion. All of these modes are also
consistent with the important mode assignments of Capano et.
al*h,

The geometrical flexibility of the dmp ligands was also
investigated to rationalize the dynamical details in the structural
flattening motion. The out-of-plane motion of a dmp ligand is
described by the residue with respect to the planar equation (Fig.
S10a in SI). During the trajectory propagation, the deviation
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from an ideal plane was less than 0.1A per atom, which is less
than 10 % of a typical C-C bond length. The wagging and
rocking (Scheme 1) vibrations cause very small structural
fluctuations ~3° (Fig. S10b), in contrast to ~20° for the
structural flattening motion. Therefore, the structural flattening
motion is dominated in the dynamics, although the other
nuclear motion is also involved in realistic dynamic processes.
In addition, significant periodic motions (~300 fs) were also

Physicat Chemistry. Chemical Physics

observed in the wagging and rocking motions, which were
assigned as the “breathing” motion. Thus, such collective
oscillation of Cu-N bond should be a typical character in the
structural flatterning dynamics of the [Cu(dmp),]” complex.

Table 2. Time constants (ps) of several critical mechanistic process obtained from excited state dynamics simulation, and recent
experimental conclusions of the low-lying excited states of the [Cu(dmp),]* complex.

This work ref 33 ref 34 ref 29 ref 20,30 ref 38
S; — S, and S; 0.03-0.05 - - 0.08 0.045 -
g, perpendicular g flaitened 0.60-0.75 10-20 - 0.34-0.70 0.66-0.80 <1.0
Singlet to triplet ISC* - 0.5-0.7 ~15 10-15 7.40-10.0 10-20

* The current work does not address the ISC process.

Conclusions

The Bis(dimine) Cu(I) complexes, such as [Cu(dmp),]*, have
received great research interests, because their photophysical
characteristics are highly suitable for photosensitizers and
photocatalysts. Here, we performed a detail investigation of the
initially photoinduced excited state dynamics of the
[Cu(dmp),]" involving the ultrafast IC (S,/S;) and the structural
flattening process occurring on the S; state, which is an
intriguing feature of these Cu(l) complexes. The full
dimensional excited-state dynamics of transition metal complex
are still challenging due to the large number of the degree of
freedom. Thus, the on-the-fly nonadiabatic surface hopping
dynamics was employed to study this electron-nuclei coupled
relaxation dynamics at the sub-picosecond timescale, which
provides us an direct view of ultrafast photoinduced process of
the [Cu(dmp),]”, especially, the structural flattening mechanism
on the S; state.

Our excited state dynamic studies reveal that the photoinduced
structural flattening process is composed of several events with
distinguishable time scales (Table 1). At the early stage of the
excited state dynamics of the [Cu(dmp),]” complex, the system
undergoes an ultrafast internal conversion to the S; state. In this
very short timescale (<200fs), significant motions of the Cu-N
bond length and N-Cu-N bond angle are also observed. Later,
the structural flattening process on the S; state begins to appear
after ~200-300 fs, along with the relaxation of methyl groups.
Note that the cooperative relaxation of methyl groups starts
prior to the structural flattening dynamics, which should be
important to avoid the steric hindrance of the substitutes. The
interligand flattening angle (¢) becomes stable around 600-750
fs, and we take the middle value as the structural flattening time
constant (~675 fs), which agrees well with a series of recent
experimental values 2% 2 3%-36:38 31 "Eoyrier transformations of
the oscillation of the Cu-N bond length and N-Cu-N bond angle
also identify several most important vibrational frequency
domains, which are consistent to the recent theoretical and
experimental assignments®” . At the same time, the planarity

This journal is © The Royal Society of Chemistry 20xx

of two dmp ligands basically remains during the whole
flattening dynamics.

Overall, the static and dynamic excited state calculations
provide an illustrative picture of the photoinduced structural
change in the 'MLCT state. Since such a photoinduced
structural change is an essential component in photophysics and
the Cu(l) this detailed
the ultrafast process is
indispensable to the future development of the Cu(l)-based

photochemistry of complexes,

understanding  of excited-state
photovaltic materials as an alternative to the ruthenium(II)
complexes. Finally, the full dimensional excited-state dynamics
simulation of large transition metal complex is a challenging
topic in the theoretical aspects. Further progress is also going
on to consider a few important issues in the structural flattening
dynamics, for example the anion/solvent effects, and the
possible ISC contribution.
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