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The structural details of [Cu(dmp),]™ (dmp = 2,9-dimethyl-1,10-phenanthroline) at its metal-to-ligand charge-
transfer (MLCT) excited-state in acetonitrile were extracted using quantitative analysis of Cu K-edge X-ray
adsorption near edge structure (XANES). The study combines two techniques: fitting experimental XANES
spectra with a multidimensional interpolation approximation, and calculating theoretical XANES spectra with
molecular potentials beyond the muffin-tin approximation. The results of the study show that the best fit of
the experimental XANES data must include a solvent molecule binding to the Cu with a short Cu—N distance
of 2.00 A. This confirms that the formation of an exciplex is responsible for the excited-state quenching in
coordinating solvents, such as acetonitrile. Moreover, the calculations suggest that the formation of this exciplex
state is accompanied by significant rocking distortions of the dmp ligands resulting in a 108° angle between
the N(solvent)—Cu bond and the C, symmetry axis of the dmp ligand. This combined approach allows us to
extract molecular configurations that would otherwise be missed in a conventional qualitative XANES analysis.

1. Introduction

Photoinduced charge-transfer processes have been among the
most studied chemical reactions because of their relevance to
molecular devices, photocatalysis, and solar energy conversion/
storage.!"8 Understanding the molecular structures and dynamics
of both photoexcited states and charge-separated intermediates
is crucial not only for their broad applications, but also for their
fundamental importance in gaining insight into the nature of
photochemical reactions. It enables one to develop theoretical
models for predicting the reaction mechanisms and dynamics
for photoinduced processes.

Recently laser-initiated time-resolved X-ray absorption spec-
troscopy (LITR-XAS) has opened new possibilities for inves-
tigating local structures of photoexcited molecules.®~!> This
technique, also known as pump-and-probe X-ray absorption
spectroscopy or X-ray transient absorption (XTA), consists of
a UV —vis pump laser pulse that triggers a photoinduced process,
and a hard X-ray probe—pulse that interrogates structural
changes induced by the pump. Typically, the time resolution
of such experiments at a synchrotron facility is around 100 ps
and is limited mainly by the single electron bunch duration.
Although the bunch slicing technique could achieve X-ray pulses
with 100 fs duration,'>'* a 1000-fold reduction in the photon
flux in an X-ray bunch limits its applications to a very small
number of samples. Forthcoming X-ray free electron lasers will
eradicate this obstacle because of its high pulse photon flux and
short pulse duration. However, their spectral tunability is limited
in comparison with the synchrotron based X-ray sources for
spectroscopy studies.!>~!7 For this reason, XTA employed in
currently available synchrotron sources is still suitable for
investigating excited-state structures with lifetimes longer than
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a few hundred picoseconds, as demonstrated in the literature.!3-28
XTA'’s ability to obtain excited-state electronic and geometric
structural information makes it a powerful technique for solving
local structures around heavy atoms in disordered media,
complementing those acquired from the pump—probe X-ray
diffraction for single crystals.??-3!

Although, traditionally, interatomic distances have been
extracted by analyses of the extended X-ray absorption fine
structure (EXAFS), recently developed algorithms allow quan-
titative determination of bond lengths and angles from X-ray
adsorption near edge structure (XANES) spectra.’>35 This
technique has been recently applied to different metal com-
plexes.3**> Moreover, XANES spectra of photoexcited mol-
ecules can also be calculated using either time-dependent density
functional theory (TD-DFT) or time-dependent Hartree—Fock
(TD-HF) theory.*® The primary advantage of XANES analyses
is that it can provide not only the radial distribution of the atoms,
as in conventional EXAFS analysis, but also the three-
dimensional arrangements of the atoms.

Here we conduct an XANES analysis using the above-
mentioned approach3? for a metal-to-ligand charge-transfer
(MLCT) excited-state structure of a copper(I) diimine complex,
[Cu(dmp),]™ (dmp = 2,9-dimethyl-1,10-phenanthroline) in
acetonitrile. According to the ultrafast optical transient absorp-
tion data, the excited-state kinetics of [Cu(dmp),]* can be
characterized by a triexponential function with time constants
of 500—700 fs, 10—20 ps, and 1.6—1.7 ns.2%% The currently
accepted mechanism of photochemical transformations includes
the following steps: (1) excitation to the Franck—Condon state
with a pseudo-tetrahedral coordination geometry of Cu as in
the ground state, (2) Jahn—Teller distortions of the transient
Cu(ll) with 3d° electronic configuration to a “flattened”
tetrahedral coordination geometry characterized by the decrease
of the dihedral angle between two dmp ligand planes, and (3)
the formation of an exciplex between the MLCT excited-state
and a strong Lewis basic solvent molecule, resulting in the
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excited-state quenching. Although distances between Cu and
other nearest-neighboring atoms have been obtained from
previous studies,'®?0 the exact geometry of the final thermally
equilibrated MLCT state, or the exciplex state, is not completely
known. Quantum chemistry calculations, based on the DFT
implemented in Gaussian®* and ADF* codes, have predicted
significant flattening distortions (up to 35°) with very small
rocking distortions (less than 5°).204748 These theoretical
results were supported by the crystal structure of [Cu-
(I1)(dpp)»]*" (dpp = 2,9-diphenyl-1,10-phenanthroline), thereby
mimicking the Cu(Il) at the MLCT state, even though
[Cu(II)(dpp)2]>* has phenyl groups shielding Cu(Il) from
solvent molecules.*® The Cu(II)~Ncmscen distance was 3.05
A obtained from the ADF calculations for the exciplex.2
However, even for the ground-state complex, Cu—Ngm, bond
length varies within 0.05 A range depending on the basis set
and the code used in the calculations.*”*850 The latest DFT
calculations for the exciplex? yielded an average Cu—Ngmp
distance of 2.0 A. This model is somewhat contradictory with
the X-ray diffraction data for a related Cu(II) phenanthroline
complex cocrystallized with acetonitrile.’! The structure of
this acetonitrle complex has a Cu—Ncp3cn bond length of 2.05
A, and a significant rocking distortion. This distortion was
characterized by an angle of 113° between the Ncgzen—Cu bond
and the C; axis of the dmp ligand. The pump—probe EXAFS
data and qualitative analysis of the XANES region suggested
the presence of one or possibly two solvent molecules coordi-
nating with Cu.2 Nevertheless, it was very difficult to separate
contributions of Cu—Ngpp from that of Cu—Ncusen in the
EXAFS analysis, because of their similarity and the small
average Cu—N distance change of 0.04 A in the MLCT state
from that of the ground state. Consequently, there can be at
least three models for the exciplex state of [Cu(dmp),]™ shown
in Figure 1: a five-coordinated complex with significant flat-
tening, a six-coordinated complex, and a five-coordinated
complex with significant rocking distortions.

The purpose of the present paper is selection of a realistic
structural model for the MLCT state of photoexcited [Cu-
(dmp),]* and refinement of bond lengths and angles on the basis
of fitting the theoretical calculated spectra with the experimental
pump—probe XANES data.

2. Methods

The method of structure determination is based on a
combination of quantitative XANES fitting using the multidi-
mensional interpolation approach®? and full-potential calculations
of XANES on the basis of the finite difference method (FDM).>2
Within this approach, the number of required time-consuming
FDM calculations of XANES spectra corresponding to different
structural models is minimized using the following expansion
of the spectrum as a function of the structural parameters:

U{E,p,+0py,py+0p,,....p, + 0p,) = W(E, py, pys s p,) +
> A(EYop,+> B, (E)p,op,+ ... (1)

m,n

Where u;(E) is the interpolated X-ray absorption coefficient,
whereas u(E) is the absorption coefficient calculated via FDM,
(p1,p2, ..., Pn) is a starting set of structural parameters, and Op,
is the deviation of p, from the starting value. The energy-
dependent coefficients, A,(E), Byu(E), ..., are deduced from the
results of FDM calculations. A general description of the
multidimensional interpolation and the FDM can be found in
refs 32 and 52, respectively. The interpolation nodes (sets of
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Figure 1. Possible structural models of photoexcited [Cu(dmp),]*. Top:
five-coordinated complex with flattening distortions; middle: six-
coordinated complex with flattening distortions; and bottom: five-
coordinated complex with rocking distortions. The structural parameters

varied in calculations are shown for the bottom complex. N atoms are
blue, C atoms are gray, and the Cu atom is red.

structural parameters used for the energy dependent coefficients
Au(E), B,uu(E), ... calculation) are chosen within selected limits
of variations, so that the influence of corresponding terms of
the expansion and the distance between nodes in the parameter
space are maximized, which avoids numerical instabilities that
may occur using the method.

The finite difference calculations of Cu K-edge XANES
spectra of [Cu(dmp),]*™ were performed for a cluster of 5.0 A
radius surrounding the metal atom. This cluster size was chosen
because the calculations of the spectrum as a function of the
cluster size confirmed the spectral invariance in larger clusters.
The energy-dependent exchange-correlation potential is obtained
from the Hedin—Lundqvist approach. For comparison, full
multiple scattering calculations with the muffin-tin potential
approximation were also performed using the FEFF8.4 code.>

Experimental Cu K-edge XTA spectra for the MLCT excited-
state [Cu(dmp),]* were obtained at Beamline 11ID-D of the
Advances Photon Source, and the experimental details can be
found elsewhere.?? Briefly, a second harmonic of a Nd/YLF
laser (A = 527 nm, 1 kHz repetition rate, 1 mJ/pulse, and 5 ps
fwhm) was used for the photoexcitation. A time resolution of
~100 ps was achieved using X-ray probe—pulses generated
from single electron bunches in the storage ring. The concentra-
tion of [Cu(dmp),]* in acetonitrile solution was ~2 mM.

3. Results and Discussion

The local structure refinement by our method?? is based on
the general hypothesis that the XANES calculations should
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Figure 2. Cu K-edge XANES spectra of [Cu(dmp),]" in the ground-
state: experimental (curve 1) and theoretical (curves 2—4). Calculations
were performed using the full-potential FDM (FDMNES code) (curve
2), FDM with muffin-tin potential (FDMNES code) (curve 3), and full
multiple scattering theory (FEFF8 code) (curve 4).

reproduce fine features observed in an experimental spectrum
if a correct local structural model is used. This hypothesis has
been verified for different systems and more importantly for
the ground-state [Cu(dmp),]* with a known local geometry
determined by X-ray diffraction.”* Three different approaches
were used in our study: (1) full multiple scattering theory with
muffin-tin potential implemented into FEFF8,>? (2) full-potential
FDM, and (3) FDM with muffin-tin potential implemented into
FDMNES code.>?

As one can see from Figure 2, the nonmuffin-tin FDM
approach gives the best agreement with the experimental
spectrum in all fine features and their relative intensities,
especially the pronounced sharp feature P. On the other hand,
the muffin-tin calculations produce significantly different spectra
with only a very weak P shoulder. Feature B is less intense in
the spectra with muffin-tin FDM calculations than that with
nonmuffin-tin calculations using the same approach and identical
nonstructural parameters, including the line-width broadening.
Hence, these results demonstrate that the potential deviation
from the muffin-tin approximation must be taken into account
in order to have correct quantitative refinements of structural
parameters based on XANES calculations.

As it was described in the introduction, there are three
possible structural models for the MLCT excited state [Cu(d-
mp),]* (Figure 1). For each model, two variants were consid-
ered: proximal solvent—solute complex (Cu—Ncpmscn distance
is 2.0—2.2 A) and distal solvent—solute complex (Cu—Ncm3en
distance is 3.05 A). One can see from curve 2 in Figure 3 that
the flattening distortion of the two dmp ligands with a distal
solvent molecule does not reproduce the experimental spectrum
of the MLCT state, which is featured by a reduction of peak P
compared to the spectrum of the ground state. A reduction of
peak P intensity can only be obtained for the models with a
short Cu—Ncpscen bond, as seen from the comparison of curves
2 and 5. Both curves are based on model 1, but only differ in
Cu—Ncusen distances. Calculations for structures with only
flattening distortions alone (curves 2, 3, and 5) do not produce
the same level of peak B intensity as seen in the experimental
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Figure 3. Cu K-edge XANES spectra of [Cu(dmp),]* for the ground-
state geometry (black solid lines) and different models of the photo-
excited local structures (red dashed lines): experimental (curve 1) and
theoretical (curves 2—5). Dashed curve 2 corresponds to model 1 with
a long Cu—Ncusen distance; dashed curve 3 corresponds to model 2
with a short Cu—Ncpsen distance; dashed curve 4 corresponds to model
3 with a short Cu—Ncmu3en distance; and dashed curve 5 corresponds
to model 1 with a short Cu—Ncpuscen distance.
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Figure 4. Theoretical Cu K-edge XANES spectra of [Cu(dmp),]* in
the photoexcited state calculated for different sets of structural
parameters. The trace numbering corresponds to the sets of parameters
in Table 1.

spectrum. Only an exciplex state structure with significant
rocking distortions of the dmp planes shows such a trend. Thus,
we can conclude that model 3 with a short Cu—Ncpsen distance
is the most accurate in reproducing the experimental spectra.

The following analysis is focused on the refinement of this
model and quantitative determination of the local structure
parameters. We have tested sensitivity of calculated XANES
spectra to the parameters shown in Figure 1 where p; is the
average Cu—Nyp, distance, p> is the Cu—Ncp3cen distance, p3
is the angle between the Cu—Ncp3cn bond and the C; axis of
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TABLE 1: Sets of Structural Parameters That Correspond
to the Calculations Presented in Figure 4

set of pi p2 p3 p4 (dmp
structural (Cu— Ndmp) (Cu— NCH;CN) (NcHsen— Cu Caamp) axial rot)

parameters (A) ©)
1 1.94 2.0 103 0
2 2.04 2.0 103 0
3 1.94 22 103 0
4 1.94 2.0 123 0
5 1.94 2.0 103 20

the dmp ligands, and p4 is the axial rotation of the dmp groups.
In all cases, a C, symmetry of the exciplex structure is fixed.
Other structural distortions, such as the wagging motions of dmp,
which lead to an asymmetric Cu—Ngmp bond length change,
have insignificant effects on the calculated spectra. Figure 4
shows the effects of geometry variations on shapes of calculated
XANES spectra, with corresponding sets of structural parameters
summarized in Table 1. Clearly, Cu—Ngyp, distance and rocking
distortions have a significant influence on the intensity of peak
B, but these parameters shift the position of valley C in different
directions. The elongation of Cu—Ncyscn distance leads to an
increase in peak P intensity. Maximum A becomes sharper as
a result of either Cu—Nyp, distance elongation or an increase
of rocking distortions. It shifts to higher energies after axial
rotations of dmp ligands. Using the strategy of the polynomial
construction described elsewhere?? for varying the parameters
within the limits of p; 1.94—2.04 A, p»2.0—-2.2 A, p3 103—123°,
and ps 0—20°, we have obtained the following polynomial to
reproduce the FDM calculation results for any set of parameters:

UAE,p, +0p, py+ Op,, p3 + Ops, py 1 0p,) =
3 4
U(E,p,,py, pspy) + Z AEp+y Y ByE)pdp,+
=1 j=3
i

C\(E)dp,0p;0p, + Cy(E)Op,0p;30p, (2)

Thus only 17 time-consuming FDM calculations are necessary
for the XANES fitting (12 spectra correspond to the interpolation
nodes, and five spectra were used checking negligibility of some
expansion terms).

In our calculations, the discrepancy between the experimental
and theoretical results is minimized in the difference spectra of
the exciplex and the ground states, instead of directly minimizing
the discrepancy between theoretical and experimental spectra
for each state. This self-referential approach avoids varying
structural parameters in order to compensate for the difference
between experimental and theoretical spectra due to nonstruc-
tural origins, such as those that exist even for the ground state.
The following criterion of spectra comparison was used:

N } 2
mll’l(ﬁj};l [(Juexp /uexp) - (utheor Autheor)] dE) (3)

In this formula ucy, and ug, are experimental absorption
coefficients for the excited and ground states, respectively; tfheor
and ufheor are analogous theoretically calculated absorption
coefficients, and E; and E, define the energy range of spectra
comparison.

A comparison between the best-fit results with experimental
data is presented in Figure 5. We also include the experimental
spectrum of [Cu(Il)(dmp),]** generated electrochemically,
which is almost identical to the spectrum of the exciplex within
the experimental error, but has a better signal-to-noise ratio.
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Figure 5. Top panel: Experimental and theoretical Cu K-edge XANES
spectra of [Cu(dmp),]*. Solid lines correspond to the ground-state
spectrum. Red dashed line in the theoretical set of curves corresponds
to the calculations for the excited-state using FDM, while the dotted
blue line corresponds to the calculated data with the multidimensional
interpolation approximation. Squares in the experimental set of curves
corresponds to the excited-state, while the red dashed line is the
spectrum of [Cu(IT)(dmp),]** generated electrochemically. Bottom
panel: squares are the experimental difference between spectra of
[Cu(dmp),]* in the excited and ground states; black solid line is the
experimental difference between spectra of [Cu(Il)(dmp),]** generated
electrochemically and in the ground state; red dashed line is the
theoretical difference between spectra of [Cu(dmp),]t in the excited
and ground states; solid blue line is the difference between spectra of
the excited [Cu(dmp),]* calculated using FDM and the multidimen-
sional interpolation approximation.

Apparently, the shape of the difference spectrum is well
reproduced by the calculations in the energy range >8.99 keV.
In the experimental spectrum, the first negative sharp peak at
8.985 keV is more intense and shifts, as a result of the slightly
higher energy of peak P in the theoretical spectrum of [Cu-
(dmp),]™ in the ground state. It can be due to uncertainties of
constructed molecular potentials, but it does not affect the results
of geometry optimization because the energy range for the fitting
is above 8.99 keV. The best fit values of structural parameters
are the following: average Cu—Nanp distance, 2.04 A Cu—
Ncnsen distance, 2.0 A the angle Ncyzen—Cu—C; axis of dmp,
108°; and the axial rotation of dmp ligands, 16°.

The structural parameters obtained in the present study
correlate with those from X-ray diffraction data of a related
Cu(II) complex with phenanthroline ligands>' (average Cu—Namp
distance is 2.04 A Cu—Ncnsen distance is 2.05 A and the angle
between Ncpsen—Cu and the Cp axis of dmp is 113°). A
contraction of the average Cu—N bond length in the excited-
state by 0.02 A from our calculation demonstrated a good
agreement with the EXAFS value of 0.04 A. Nevertheless, our
model is significantly different from those obtained using
the DFT geometry optimization technique’®*® where the
Cu—Ncmsen distance is 3.05 A and the rocking distortions are
very small. It is well-known that the result of such geometry
optimization depends on the starting model that could converge
in a geometry corresponding to a local total energy minimum.
Therefore, the structure optimized by the DFT calculation may
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exist as a transient intermediate during the photochemical
reaction, such as the so-called “flattened” MLCT state before
it ligates with a solvent molecule. Comparison of XANES
spectra of photoexcited molecules in acetonitrile and toluene
indicated their strong similarities. Therefore we suggest that
rocking distortions could also occur in toluene. The excited-
state lifetime difference for [Cu(I)(dmp),]* in these solvents
can be explained by the fact that the N atom of acetonitrile has
a lone pair electron to facilitate a stronger ligation with the
MLCT state, while such a lone pair electron is absent in the C
atoms from toluene.

4. Conclusions

Fitting experimental XANES spectra of an exciplex structure
of the excited state [Cu(dmp),]* complex has been demonstrated
by using a multidimensional interpolation approximation and
nonmuffin-tin molecular potentials in theoretically calculated
XANES spectra. This combined approach can be used for
determination and refinement of three-dimensional structure of
photoexcited state of molecules in solution beyond the radial
distribution obtained from a conventional EXAFS analysis. The
XANES calculations also allow angular dependent structural
parameters to be extracted, which is crucial for imaging reaction
coordinate of many photochemical reactions. This technique
presents broad perspectives in photochemistry and photophysics,
and can serve as a basis for structural investigations in ultrafast
processes using femtosecond X-ray sources, such as the
forthcoming X-ray free electron lasers.
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